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1.0 RESEARCH OBJECTIVES

1.1 Introduction

This is the final report for Contract F49620-87-C-0052, "Development of

Laser Spectroscopic Diagnostics to Support Advanced Compound Semiconductor

Deposition Techniques." Work under the contract was performed in two areas,

laboratory measurement of quantitative spectroscopic parameterr and

development and demonstration of spectroscopic diagnostics. The program goal

was investigation of plasma and thermal decomposition of deposition feed gases

by laser spectroscopic detection of their decomposition products. These

studies were carried out in a long path plasma reactor capable of simulating

the gas phase environments of a wide range of semiconductor processing

systems.

The focus systems for this work were the gallium arsenide and diamond

deposition systems. Gallium arsenide is already important in commercial

semiconductor devices including optoelectronic, microwave, and high-speed

circuits, and its use promises to expand tremendously as soon as larger high

quality wafers are available. Diamond and hard carbon deposition has

attracted widespread attention only in the last few years, but the research

effort is now very intense and has yielded a few investigations of electronic

devices, as well as substantial progress in other applications such as

tribological coatings. The chemical species involved in diamond deposition

from hydrocarbons are a subset of those involved in organometallic vapor

deposition. These CxHy species may be among the most important in MOCVD as

well.

Research into both techniques is therefore an extremely active field,

with most of it being empirical in nature, searching for incremental

improvement in existing deposition techniques. Increased basic knowledge may
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allow more rapid progress towards improved deposition techniques. Our

assessment was that the systems described above would provide the richest

context of accumulated observations, into which any mechanism studies could be

integrated.

At the beginning of the contract, we submitted an interim report giving a

prioritized list of candidate molecular species. As we began experiments in

the plasma reactor, the methyl radical led the list, due to wide presumptions

of its importance in both deposition systems and its easy detectability using

tunable diode laser absorption. We succeeded in making observations of its

concentration in methane plasmas, along with observations of CH4 , C2H2 , and

C2H4 . Next in order were the AsHx family of radicals, expanded to include the

arsine molecule and the arsenic atom and diatomic molecule. In the final year

of the contract, after the apparatus had been fully checked out using a series

of less hazardous gases, we made observations of infrared absorption by the

AsH radical during plasma decomposition of two organoarsine compounds.

Initial checkout work with the plasma reactor focused on the CF4 plasma

commonly used for etching of semiconductor silicon. The species detected

included the CF2 radical for which we previously made band strength

determinations, as well as the CF4 and C2F6 stable molecules. Since we

already had well-characterized diodes in these spectral regions, we felt we

could combine initial system check-out with a set of observations which could

lead to substantial mechanism understanding from relatively modest efforts.

These results gave us confidence that we could interpret observations in the

methane and organoarsine systems.

1.2 Statement of Work

The statement of work for the program included the following task

descriptions. The construction of the plasma reactor was completed in its

scheduled first year of the program, and was followed by testing and

diagnostic demonstration. Work under the basic measurement task was performed
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during the first year while the plasma apparatus was under construction, while

the interaction task was ongoing throughout the project. In detail, the tasks

are:

0 To use chemical, laser photolysis, and discharge radical sources

and tunable diode and dye lasers to obtain required quantitative

spectroscopic data for gas phase molecules in compound

semiconductor deposition systems.

0 To construct a model deposition reactor for compound semiconductor

systems, including plasma enhancement capability and optical access

for laser absorption and resonance fluorescence diagnostic

techniques.

* To perform infrared, visible, and ultraviolet laser spectroscopic

studies of gas-phase species resulting from plasma and thermal

decomposition of deposition feed gases, with the object of

quantifying those species which take part in semiconductor

fabrication processes.

0 To interact with the semiconductor fabrication research community

through visits to and technology exchange with leading academic,

government and industrial deposition research programs.
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2.0 STATUS OF THE RESEARCH EFFORT

2.1 Introduction

During the first year of the program, the major effort was the

construction of the long path plasma apparatus. We began generating plasmas

in July 1988, performing check-out experiments involving plasmas of CF4 and

CH4 with various dilution and additive gases until November of 1989. A second

construction period, involving modifications to the plumbing and exhaust

systems needed for operation with arsenic compounds, lasted until May 1990. A

series of observations of plasma decomposition of organoarsine compounds

completed the program.

After describing the plasma apparatus, we will discuss each area of

experimental investigation. Two laboratory measurements were completed during

the first year, yielding infrared band strength values for the CH3 and CF2

molecules. Each of these experiments has been documented in detail in a paper

published in Chemical Physics Letters. 1 , 2 These papers are included here as

Appendices A and B, so in this section we simply present a brief revipw of

each effort, commenting on their contributions towards achievement of the

research objectives, and updating comparisons with theory and other

experiments. We conclude with sections on each of the three plasma systems

studied. Additional details on the experimental results will be found in

papers published in the Journal of Vacuum Science and Technology,3 and to be

published in meeting proceedings by the Society of Photo-Optical

Instrumentation Engineers, 4 the Materials Research Society,5 and the

Electrocnemical Society.6 These papers are also reproduced here as Appendices

C through F. (An earlier Materials Research Society paper 7 has been

superseded by the above papers and is not reproduced here.) Following this
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section on research results are short sections listing publications, research

personnel, and interactions associated with the program.

2.2 Long Path Plasma Reactor

2.2.1 Design Considerations

The laser spectroscopic diagnostic technique we chose as our focus was

tunable diode laser infrared absorption. It has a number of advantages,

including wide applicability and quantitative capability, but its sensitivity

is such that great effort is often required to detect radical species at the

column densities to be expected in real semiconductor processing systems.

Especially when searching for absorption spectra about which little is known,

the chances of success are raised substantially by the use of a long

absorption path. We set ourselves the goal of placing a 1 meter long volume

of plasma between the mirrors of a multipass cell which would allow at least

the effective limit of about 60 passes set by typical mirror reflectivities.

The design of the apparatus involved a number of considerations.

To protect the mirrors from attack and deposition due to the active

gases, it was necessary to separate them by a substantial volume into which

purge gas is admitted at flow rates similar to the total flow rate through the

active region. We therefore chose a mirror separation of about 2 meters. As

this distance grows, the sizes of the infrared spots on the mirrors and

therefore the required mirror diameters also grow. A 2 m separation was the

largest which could be accommodated by 15 cm diameter mirrors, and these in

turn were the largest which could fit inside a ten inch diameter outer vacuum

jacket, considering the requirements of fitting electrodes between the vacuum

wall and the plasma volume.

The requirements on Lhe outer vacuum jacket included the possibility in

the future that we might try to deposit semiconductor films in the apparatus.

Although a vacuum system to study gas phase chemistry need in many instances

only be leak-tight enough that chemical reaction with air does not affect the
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concentrations of the species of interest, the vacuum requirements for

reproducible production of films with good electrical properties are more

stringent, and are best met by a UHV system. Considering the added advantage

that many features of UHV design are more reliable and durable than quartz

outer jackets and O-ring seals, we constructed our vacuum system out of

stainless steel pipe and con-flat flanges. However, vacuum seals were made

with rubber gaskets rather than the much more expensive copper.

A metal vacuum jacket means that the RF electrodes must be inside the

vacuum and must not contact the vacuum wall. This means separating them with

a dielectric material. To maintain the U}{V capability, we used quartz, rather

than a more easily worked material like Teflon. Any volume not substantially

filled with dielectric will instead support a plasma, which is undesirable as

it draws power away from the observation region and may cause deposition or

chemical attack in undesirable places. In particular, it was necessary to

repack regions around the electrode feedthroughs with refractory fiber

products in order to suppress discharges which had resulted in pinhole leaks

in cooling lines. The minimum spacing which will support a plasma drops as

the pressure increases. We found that discharges in the feedthrough regions

were still a problem at pressures much above 1 Torr, thus limiting the useful

pressure range of the apparatus as presently constructed.

To protect the electrodes from attack and deposition, we also wanted an

inner liner. We began with a quartz liner, but in the fluorocarbon plasma

work etching of the quartz and liberation of oxygen-containing species was

enough of a problem that we switched to a Teflon liner, and did not switch

back for the duration of the program. The desire to be able to easily remove

the liner as plasma systems change or for cleaning was one of several

motivations for designing the apparatus as a series of concentric cylinders-

vacuum wall, dielectric, electrodes (two half-cylindors), and inner liner.

The multipass cell is an off-axis resonator design, differing from those

used in Aerodyne flow tubes and field measurements apparatus only by its large
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size (and the fact that both front and back mirrors are curved, doubling the

spacing for the same focal length). The other components of the initial

system, including gas manifold, flowmeters, pressure gauge, gate valve and

mechanical pump, were standard items. Special features for working with

arsenic compounds, such as a temperature bath for organometallic compounds,

and an exhaust treatment system (primarily relying on thermnl decomposition)

were added after a series of initial experiments involving hydrocarbon plasmas

and other relatively benign active gases, and will be discussed in a following

subsection.

2.2.2 Plasma Reactor Construction

Figure 1 is a schematic drawing of the long path plasma apparatus. The

active volume is contained inside a 1 m long inner liner with a 15 cm inner

diameter. For almost all the studies to date this liner has been the Teflon

tube indicated, although a quartz tube is also available. The electrodes which

surround the inner liner are copper half-tubes, with water cooling provided by

one line of copper tubing set into the electrode surface in a loop near the

outer edge. They are separated from the outer stainless steel vacuum wall by

an outer quartz dielectric tube.

The feed gas, together with any carrier or additive gases, enters the

tube through a ring injector just before the upstream end of the electrodes.

Argon purge gas is introduced behind eack. mirror, and small flows are also put

into each of the cross ports which are presently used for visual observation

and emission spectroscopy. (Initially, a flow of purge gas was directed onto

the face of the upstream mirror, but this apparently helped to carry reactive

radicals out of the active volume and onto the mirror. After the center of

the mirror was etched away, we changed the purge plumbing so all gas flows

originate behind the mirrors.) Bubblers containing organoarsine compounds

were kept in an ice bath and connected to a measured flow and pressure of

carrier gas.
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Figure 1. Long Path Plasma Absorption Apparatus

The mirrors used for multi-pass infrared absorption have 15 cm diameters

and are separated by approximately 2 meters. They form an off-axis resonator,

in which the laser beam enters and exits through the same central hole in the

downstream mirror, and forms a spot pattern on both mirrors which can be

circular or (as we now use it) which can be flattened into an ellipse whose

major axis is still almost the full 15 cm but with a minor axis of a little

over 1 cm.

With a 30 cfm mechar, cal pump and 3 inch diameter pumping line, pressures

in the 0.1 to 1.0 Torr range are achieved with total flows in the 15 to

400 sccm range. These translate into gas velocities of from 6 to 150 cm/s, or

residence times in the active region of from 17 to 0.7 seconds. We concluded

from studies in which the residence time was varied while the pressure

remained constant that th'e plasmas studied have reached a steady state, with

their composition not strongly affected by residence time.

The RF power is standard 13.56 M~z, from a supply with 1000 W capability.
If all the power went into the plasma, power densities up to 0.1 W/cm3 would

be achieved, within the range of values used in commercial etching and

deposition reactors. The fraction actually dissipated in the plasma is

difficult to measure or estimate, but it is very likely to be less than half.

On the other hand, we have operated the system with only one 0.5 m section of
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the electrodes connected, thus potentially doubling the power density

(detailed studies of this mode of operation were not made).

2.2.3 Arsenic Compound Exhaust Treatment System

After discussions with several workers in the field, including D.

Speckman and J. Wendt of The Aerospace Corporation and members of the groups

of Profs. R. Reif and K. Jensen of MIT, we developed a set of modifications to

the plasma apparatus intended to allow safe operation using organoarsine

compounds in the feed gas stream. In this subsection we describe these

modifications.

A first important set of changes resulted in the isolation of the

apparatus in its own separately exhausted enclosure. This was done by

building a framework around the table supporting the plasma apparatus and

covering it with Lexan panels. Seams around the top were sealed with duct

tape but bottom seams were left open and some holes were drilled in the panels

to allow air to be drawn in at floor level. A separate, powerful (1200 cfm at

1 inch static pressure, driven by a 3 hp electric motor) exhaust blower was

mounted on the roof and connected to the top of the apparatus enclosure with a

new line of 8-inch diameter ductwork. Proper blower operation was monitored

by a Photohelic gauge whose readout was mounted on the apparatus enclosure.

Passage of the organoarsine compounds through the plasma discharge might

under some circumstances completely dissociate them and result in the

deposition of all input arsenic in solid form on the walls of the plasma

reactor. However,in general we must assume that some fraction of the input

compounds leaves the reactor still in the gas phase, either as organometallic

compounds or as arsine and other arsenic hydrides. We wanted a system which

would ensure that no arsenic was emitted from the exhaust, and which minimized

contamination of the vacuum pump as well. The additions to the vacuum line

which achieve this are shown in the scale drawing in Figure 2.
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Figure 2. Plasma Apparatus Exhaust Treatment System

The principle is that arsenic compounds in the flow will be thermally

decomposed and deposit arsenic on downstream surfaces of the pumping system.

To do this, a tube furnace was placed around a section of 2 inch diameter

stainless steel tubing, separated from the rest of the pumping line by metal

bellows at each end. The oven is operated at 9000 C, as measured by a fine

wire thermocouple wired to the outside of the tube in the center of the oven.

Downstream of the oven is an MV Multi-Trap, which contains two stages of

removable cartridge filters, whose high surface area results in negligible

loss of pumping speed while giving elemental arsenic every chance to deposit

out on cold surfaces. Because the vacuum seal to the trap is made with rubber

o-rings, a small water cooling coil is wrapped around the downstream end of

the oven tube. ThermocouDles attached to the pumping line upstream and

downstream of the oven show that the thermal conductivity of the stainless

steel tube is such that all points remain at safe temperatures.

2-7



Even these precautions for overheating the pumping line would have been

unnecessary if we had been able to follow precisely the systems we were taking

as models by using a quartz tube in the decomposition oven. This would have

had the added advantage that deposition on downstream walls could have been

monitored without taking apart the apparatus. However, it turned out that the

length of a quartz tube and the quartz-to-glass-to-metal seals needed for

permanent connections could not be accommodated inside the apparatus

enclosure. We had already conducted proof-of-principle experiments using

silane (with a higher decomposition temperature than arsine) and quartz tubes

sealed with Cajon fittings, and so felt confident that an all-metal permanent

system would work. These experiments used two tubes and two ovens, the one

shown upstream of the pump and a second, one inch diameter tube on the pump

exhaust, where the flow is so slow that we could be confident that all

remaining silane would be decomposed and deposit on the tube. In fact, no

significant deposition was observed on the second tube, and we concluded that

a single decomposition oven upstream of the pump would be adequate. This will

be checked when we analyze the pump oil for arsenic and take wipe samples at

various points along the exhaust system.

The last point to be noted in Figure 2 is the nitrogen injection port in

the pump exhaust line. We wanted to be able to use the hydrogen carrier gas

typical in both MOCVD and diamond deposition systems, and nitrogen injection

is used to bring the hydrogen concentration in the exhaust to well below the

flammability limit.

The pump exhaust line is brought up through the apparatus table and

extends several feet into the blower exhaust duct at the top of the enclosure.

The final set of exhaust treatment devices, on the roof upstream of the

blower, must guard against two eventualities: the passage of small amounts of

arsenic compounds through the pump from the plasma apparatus, and a leak or

other accidental release of the organoarsine compound within the apparatus

enclosure. Two such devices were installed: a carbon trap (Ventsorb, Calgon
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Carbon Corporation) filled with 230 lbs of granular activated carbon) and a

biological grade HEPA filter (Flanders Filters, with 4 inch thick glass fiber

packing and a 24 inch square cross section). When we smoke tested the

apparatus enclosure, the smoke cleared in a few seconds, yet an observer on

the roof saw no smoke emitted from the blower, indicating that the trap and

filter together had removed all particles from the exhaust.

These tests gave us enough confidence in the integrity of the apparatus

enclosure that we decided against purchasing an arsine leak detector, whose

sensitivity is in any case considerably reduced when dealing with the

organoarsine compounds we used. However, we did purchase a Matheson 8057

hazardous gas leak detector, which is a general detector of combustible gases

including arsine, organoarsine compounds, and hydrogen. Although its

detection thresholds for arsine and hydrogen are at best only 0.3 and. 5.0 ppm

respectively, these compare well with the lethal concentration for arsine

(less than 50 ppm) which we did not plan to use as a feed gas, and even better

with the values for the arsenic precursors we did use, tertiarybutylarsine

(70 ppm) and trimethylarsenic (20,000 ppm). The detector has a small pump and

a flexible nozzle which is inserted into the apparatus enclosure- the detector

can also be removed to track down hydrogen leaks and so forth outside the

enclosure.

2.3 CH3 Infrared Band Strength Measurement

The methyl radical was of great interest in both of our focus systems,

thought to be the cause of the carbon contamination which is among the

greatest concerns in high quality compound semiconductor deposition, and put

forward as a major growth species in diamond systems. It has the further

advantage that the dilute methane in hydrogen used in the latter area is

relatively easier to work with than arsenic containing compounds. Therefore,

CH3 was our first choice as a species for investigation in the plasma

apparatus.
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This required characterization of a laser diode, a task best done using

the lines of the actual species to be detected as well as those of reference

gas lines. It also required a knowledge of the infrared band strength, and

although one value was available in the literature,8 enough questions

surrounded it that a second measurement was indicated. Thus we had two

motivations to generate methyl radicals in a flow tube in such a way that

their observation using a tunable diode laser would lead to a measurement of

the infrared band strength.

A description of the experiment is contained in the paper in Appendix A.

The results were quite satisfying. The authors of Ref. 8, Yamada and Hirota,

are at the very top of the craft of diode laser spectroscopy, so that it comes

as no surprise that our analysis indicates no conflict between our infrared

observations. The band strength we report is only 30 percent higher than the

value in their paper, well within the combined error limits. However, there

is strong evidence that they made an incorrect choice of the methyl radical

recombination rate coefficient which is used to estimate CH3 concentration,

and that use of a better value could increase the disagreement to the factor

of two level. The advantage of our experiment over that of Yamada and Hirota

is that both the temperature and the third body efficiency of the bulk gas are

more easily quantified in the flow tube.

2.4 CF2 Infrared Band Strength Measurement

As detailed in our first annual report, 9 we also carried out a

band strength measurement for the CF2 radical (see Appendix B for details).

In addition to its usefulness in analyzing observations in our subsequent

plasma system checkout studies using CF4 , this experiment had the added

motivation of demonstrating the use of a fiber optic system to transmit 248 nm

KrF excimer laser light. Its absorption was detected after crossing the CF2

flow at the same point in the fast flow tube as the multiple passes of the

infrared tunable diode laser beam. A recent measurement of the CF2
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ultraviolet absorption cross section 10 allowei us to quantify CF2

concentrations and convert diode laser absorption measurements into a band

strength.

In this case too, before our analysis was complete, another measurement

of a line strength was reported.1 1 On the other hand, a conversion error

marred their original report of a band strength. We pointed this out, and

their erratum appeared 1 2 with a value which agreed with ours to within the

fairly large estimates of experimental error.

Our band strength measurement and that of Orlando et al.1 1 ,12 were both

of the v1 band, but in a CF4 plasma this band would be badly overlapped by a

strong CF4 absorption band. The V3 band, on the other hand, shuuld be

relatively free of interferences and suitable for diagnostic work in CF4

plasmas. Therefore, we delayed publication of our paper to complete

collaboration with Jim Burkholder of NOAA/CIRES, in which his FTIR

observations of both bands2 8 were used to generate a band strength ratio and

hence a v1 band strength.

Prior to this, the only estimates of CF2 band strengths were the

theoretical values of Newton and Person, which were higher than ours by more

than 50 percent in each case. Discussions with Prof. Person resulting in his

finding no reason to re-evaluate his predictions. In our paper we compared

our values to his and to a more recent ab initio calculation,1 4 which was in

even greater disagreement with the experiments. Furthermore, after our result

was published, we received word of two other ab initio calculations, 15 ,16 in

both cases assigned a very high degree of confidence by the groups who

performed them, and bearing the same (much larger) relationship to the

experimental values.

Finally, a very recent paper by Suto and Steinfeld 17 reported the first

direct measurement of the v3 band strength. As can be seen in Table 1 which

summarizes all band strength values to date, this value agrees well with the
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Table 1 - Infrared Band Strengths (km mol - 1 ) for CF2

Band v 1  v2  v3

Frequency, cm-1  1220 668 1102

Experiments V 1  V 2  V3

Wormhoudt et al. 2  65 ±25 160 ±80
Orlando et al.l 12  90 ±25
Suto and Steinfeld 1 7  170

Theory V 1  v2 V3

Newton and Person 1 3  105 ±25 4 ±3 270 ±180
Schaefer et al. 1 4  400 8.7 200
Botschwina1 5  123 3.0
Peterson and Woods1 6  98 2.9 390

value we published. The question of agreement between theory and experiment

remains unresolved, except to say that the error limits on all three

experiments are fairly large, and that it may be that theoretical methods

which have produced excellent results for stable molecules may have problems

with radicals.

2.5 Observations in CF4 Plasmas

The first systems observed were plasmas of CF4 and argon (with Ar

introduced only through the purge lines). They were chosen because we

expected to make long runs as part of our initial checx-out. and wanted a

system which would Le less destructive to the apparatus than deposition

plasmas. In fact, although these plasmas are used in semiconductor etching

and contain high concentrations of fluorine atoms, we were able to make
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observations over a period of over four months before moving on to the next
system (at which point the mirror etching mentioned above was discovered).

Most observations were made in the spectral region indicated by the arrow
in Figure 3. The 1090-1120 cm- I region contains the strongest lines of the
CF2 radical. At the upper end of this range they are overlapped by strong
sharp features of the C2F6 molecule, while at the lower end C2F6 features are
not detectable. Thus, we were able to take spectra from which we could deduce
concentrations of both molecules, or spectra in which we were confident that
the CF2 spectra were fLee trom interferences. Finally, some measurements of
CF4 dissociation were made in the weak band at around 1060 cm-1 , while others
were made in the fundamental band in the 620-625 cm-1 region.

CF

CF
3

CF4

C 2 F 6

I I I I I I
1000 1100 1200 1300 1400

Frequency, cm
1

Figure 3. Infrared Absorption Bands of CFx Molecules
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2.5.1 Concentration Measurements with RF Power

As examples of the absolute concentration data obtained from analysis of

infrared absorption features, we first consider Figure 4, beginning with the

straight-line growth of CF2 as the applied RF power is increased. This

behavior seems plausible enough, but it must be pointed out that the

dependence of any molecular concentration on a system parameter involves a

balance of production and destruction rates. A linear deperdence is by no

means guaranteed, although the qualitative behavior of higher radical

concentrations at higher powers is perfectly reasonable.

The behavior of the decomposition product C2F6 is seen to be in sharp

contrast, being essentially constant and probably slightly decreasing with

increasing power. It will be seen below that the fraction of CF4 dissociated

is increasing with increasing power, so the fraction converted into C2F6 is

clearly decreasing with increasing power. In this case, then, the balance

between production and destruction has different results, with C2F6 possibly

more vulnerable to electron-impact fragmentation than is CF2 . C2F6 appears to

1.5 0.10 Torr Total Pressure

[CF4 Y[CF 4 + Ar] =0.4'E
o0MO

1.0

C0
a)

0.5
A A (OF2]E

E3 * (C2 Y6z

200 400 600 800 1000

RF Power, W

Figure 4. CF2 and C2F6 Number Densities with RF Power
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be an intermediate which reaches a steady-state concentration which happens to

have about the same value even as the CF4 concentration is decreasing and the

concentrations of other decomposition and recombination products are

increasing.

As discussed in our second annual report, 1 8 the observations in Figure 4

were made when the reactor had the following characteristics: a pure argon

discharge had no observable CF2 in it for an initial period, of the order of a

few minutes, but thereafter CF2 concentrations were seen of the same order as

those observed with CF4 addition. We concluded this was due to release of

fluorcarbon species from the Teflon liner, and that this was consistent with

higher CF2 levels observed when the liner was new. Nevertheless, we also

concluded that the data in Figure 3 are at least more representative of gas

phase chemistry than the earlier, higher values.

Furthermore, we shall see below that CF2 is a small fraction of the total

products of CF4 dissociation and is part of a complex plasma chemistry

including many molecular species. On the other hand, argon ion bombardment of

Teflon (molecular formula (CF2)x) may well produce CF2 as its primary product,

resulting in a plasma whose CF2 concentration is (coincidentally) similar to

that from CF4 dissociation, but whose totsl fluorocarbon concentration is only

a small fraction of that present when CF4 is a feed gas. In other words, when

CF4 is a feed gas, the CF2 from the walls may in fact be only a slight

perturbation on the concentration of CF2 (or other species) in the gas phase.

Processes occurring on the walls, particularly radical reactions forming

larger molecules, could still hdve a very important effect on observed

concentrations. As we remarked on our previous discussion, how observations

would change with other wall materials, such as stainless steel, would depend

on whether a polymer layer was deposited and on recombination rates on the

surface.

These wall effects may be the cause of the differences between our

observations and the most detailed computer model of the chemistry of the CF4
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plasma, that of Plumb and Ryan. 2 1 Ian Plumb very kindly carried out a few

calculations using this model for the conditions of our reactor.2 2 (These

conditions are very different from those of Smolinsky and Flamm,2 3 the

observations used previously by Plumb and Ryan and earlier modelers to

calibrate their models.) We will discuss the major difference below, and at

this point only present a comparison of CF2 and C2F6 concentrations.

Figure 5 repeats the observed points of Figure 4, and adds two predicted

points (open symbols) for each molecule. (This plot assumes that half the RF

power is actually deposited in the plasma.) Though the differences appear

2.5

0.10 Torr Total Pressure

[CF 4 /[CF 4 + Ar = 0.4

2.0

15

C.,
E

00
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~PLU"11
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n 0 (C2F6Z
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RF Power. W

Figure 5. CF2 and C2F6 Number Densities from Figure 4, with Model Predicted

Points (Open Symbols) by Ian Plumb
2 2
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large when plotted on a linear scale, the agreement is in fact quite

satisfying - both CF2 predictions are less than a factor of two above the

observations, perfectly respectable for a radical species, and while the low

power C2F6 prediction is a factor of two below the prediction, the high power

point is right on.

2.5.2 Observations of CF2 Concentration with Oxygen Fraction

Molecular oxygen is a standard additive to CF4 etching plasmas, being

known to substantially increase the etch rate.
2 4 Oxygen atoms are known to

react readily with CF2 to form COF which eventually forms the stable species

COF, and CO2.
2 5

We made one set of observations of CF2 number densities as a function of

added oxygen, shown in Figure 6. Here, the interpretation is straightforward,

as is the comparison with the existing work shown in the right side of

Figure 6. Comparing the predictions of Ryan and Plumb for a pure CF2 plasma

(at 0.5 Torr) of a CF2 steady state number density of around 4 x 1014 cm
- 3 to

those of Plumb and Ryan2 6 for a 75% CF4/25% 02 plasma in which the CF2 number

density has dropped to 2 x 1013 cm-
3 after about a 50 msec residence time and

is continuing to drop, we expect oxygen addition to have a substantial effect.

The effect observed in Figure 6 is somewhat less dramatic, involving a

drop of about a factor of six at the 20% oxygen level. The emission data

given beside it show a slightly larger fractional drop. Like the Smolinsky

and Flamm study, this experiment2 7 was done in a small alumina tube with a

high power density, here as high as 4 W/cm-3 , with a pressure of 1 Torr.
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Figure 6. (a) CF2 Number Density with (b) Normalized Electronic Emission
Percent 02 in Flow. Intensities of CF2 , CF, and 0

as a Function of 02 Percent in

Feed, from Ref. 27.

2.5.3 Temer-ature Measurements of CF4 Plasmas

We have already noted above that the observed CF2 concentrations are a

small fraction of the input CF4 . The question of what fraction they are of

the CF4 actually dissociated can be addressed by the CF4 absorption

experiments mentioned in the introduction. However, before a change in a CF4

line absorption intensity can be converted into a fractional dissociation, we

must have a measurement of the temperature of the gas when the discharge is

on, since otherwise a change in the total gas density would be mistaken for a

change in the CF4 partial pressure.

Since we desired a translational temperature, the ideal measurement was

the temperature derived from the Doppler width of the infrared absorption

line, as was done in our Cl atom work. 1 9 However, this was not possible, as

all lasers used in studying CF4 plasmas had laser linewidths (jitter widths)
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of the same order as the Doppler width. On the other hand, rotational degrees

of freedom are expected to be in equilibrium with translation in these

plasmas, so a search was undertaken for CF2 lines with sufficiently differing

lower state energies that a rotational temperature could be measured. We were

aided in our search by a complete high resolution (FTIR) spectrum of CF2 taken

by Burkholder and Howard,28 and a matching theoretical prediction of line

positions and intensities using the asymmetric rotor program developed by

Carter and Halonen.2 9 These and other developments in CF2 spectroscopy are

reviewed in our CF2 band strength paper (Ref. 2 and Appendix B).

After several attempts it became obvious that lines originating on levels

separated by a few hundred wavenumbers would not give adequate sensitivity.

WI-ther the problems were overlapping lines of CF2 or other molecules, or peak

height variations induced by perturbation of the diode current tuning rate by

the RF or some combination was not determined, but no reasonable temperatures

were derived until spectral scans were examined which included two small lines

at 1091.65 and 1091.835 cm- 1. The lower state energies for these lines are

1715.8 and 1692.3 cm-1 , respectively. An example of a temperature

determination using these two lines and a number of lines from the same

spectral scan with smaller lower state energies is given in Figure 7.

The slope of the plotted quantity, ln(od/S), is -I/RT. The temperature

given in the example, 425K, is close to the 500K reported in Ref. 27 at 1 Torr

and a much higher power density, as determined by optical emission from CO and

N2 . Remarkably, observations like those in Figure 7 made at powers from 100

to 1000 W yielded no significant variation in the derived temperature. On the

other hand, measurements at a total pressure of 0.10 Torr yielded a somewhat

higher temperature, 465K with a standard deviation of about 50K.

We observed essential independence of bulk plasma temperature with

applied power in our earlier chlorine atom work,1 9 and ascribed it to the

generation of larger concentrations of electronically and vibrationally

excited molecules at higher powers. These excited species are much better

2-19



* 0.58 Torr Total

10 [CF4 ]/[CF4 + Arl = 0.4

0 RF Power 800W

0.0 0

In(od/S) • 425K

-1.0 -
od is line peak optical depth
S is rotational line strength

-2.0
200 600 1000 1400 1800

Lower State Energy, cm -1

Figure 7. Example of Rotational Temperature Measurement Using CF2
Absorption Line Intensities

conductors of heat to the walls than molecules with only rotational and

translational energy, and as their concentration increases the heat flux to

the apparatus increases roughly proportionally to the input power while the

temperature can remain almost constant. It is certainly plausible that the

same thing is going on in these CF4 plasmas.

One other point of comparison is the laser induced fluorescence

experiment of Hancock and co-workers, in which LIF of the CF molecule yielded

a rotational temperature.30 They were observing a commercial parallel plate

plasma etching reactor with a volume of about 1200 cm3 , with applied 13.56 MHz

power in the range of 50 to 200 W, giving power densities at the upper end of

our range. Their pressure of 0.05 Torr is somewhat below our lowest value,

while their residence time of about 0.1 s is two orders of magnitude shorter

than ours at the same pressure. Whether these differences affect the heat

transfer and temperature is not easy to guess, but their observations do
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differ from ours, being lower and showing more dependence on applied power

(ranging from 324 ±15 K at 50 W to 443 ±30 K at 200 W).

On the other hand, both our observations and the other data for CF4

discharges agree on the qualitative point that discharge temperatures are

fairly low, in the 300 to 500 K range and therefore affecting the density by

less than a factor of two, where our chlorine plasma measurements 19 yielded

temperatures as high as 800 K (not surprising in light of the lower thermal

conductivity of chlorine).

This conclusion was further bolstered by a set of measurements we did on

static charges of argon or Ar/CF4 mixtures, observing the pressure rise when

the discharge was turned on. Times for the pressure to reach a roughly steady

value were of the order of the typical residence time in the flowing system,

but it is clear that these experiments will never be perfectly comparable to

the system with flows. On the other hand, it is reassuring that the

temperatures derived from these measurements are in roughly the same (400 to

600 K) range, have the same behavior of decreasing with increasing pressure,

and are roughly constant with applied power.

2.5.4 Observations of CF4 Dissociation Fraction

Having convinced ourselves that we could approximately correct for

temperature changes in analyzing CF4 absorption observations, and that a large

change in CF4 absorption would in fact be due in part to CF4 dissociation, we

were ready to analyze observations of CF4 absorption line intensities. One

other correction should be noted, one due to the fact that the CF4 is

introduced slightly upstream of the discharge region. In the analysis leading

to the data presented here, we assumed that if all CF4 were immediately

dissociated in the discharge, a peak absorption of 0.08 of the discharge-off

value would still be observed.
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Figure 8 shows the results of CF4 dissociation measurements as a function

of RF power. It can be seen that except for low powers, the fraction

dissociated was always quite large. Figure 9 shows observations as a function

of total pressure, for three different power settings. Presumably owing to

inaccuracies in the corrections described above, there is substantial scatter

in these curves, as well as disagreement from one day's observation to the

next, but the qualitative conclusion stands that over most of the parameter

range we covered, over half the CF4 has been dissociated.

The apparent drop-off in dissociation fraction at the very highest

pressures will receive some additional comment in the following section on CF2

number density variation with pressure. For now, we can remark that we have

made visual and photographic observations of these plasmas as a function of

pressure and power, and observe that while at the lowest pressures a fairly
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Figure 8. Fraction of CF4 Dissociated with RF Power
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uniform glow fills the tube, at higher pressures the glow retreats towards the

walls, so that less and less of the elliptical spot pattern is passing through

a brightly glowing region.

2.5.5 Observations of Concentration Variation with Total Pressure

Now we turn to Figure 10, which shows absolute CF2 and C2F 6 number

densities as a function of total pressure, for a constant mixing ratio. The

remarkable features of the CF2 curve are a sharp increase with decreasing

pressure below 0.15 Torr, and an essentially constant behavior at higher

pressures. The C 2 F6 concentration mirrors this behavior to a lesser extent,

but may show a peak at 0.2 Torr and may also be increasing as the pressure

increases to 1.0 Torr.
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Figure 10. CF2 and C2F6 Number Density with Total Pressure

The apparently discontinuous behavior of CF2 between 0.1 and 0.2 Torr is

questionable enough that we immediately turn to another way of presenting the

same data. In Figure 11 we have divided the absolute CF2 concentrations by

the amount of CF4 dissociated at each pressure to produce an effective

branching ratio for the dissociation of CF4 and the resulting chemistry

leading to CF2 . Now, the points at 0.1 Torr and below extrapolate neatly to

the 0.2 Torr point, and a relatively smooth curve can be fit through the

entire data set.

In preceding sections we have already discussed why the behavior seen in

Figure 11 is plausible, based on bulk gas-phase chemistry. Higher pressures

could favor gas-phase recombination reactions, shifting the steady state away

from CF2 and towards larger molecules. Of course, at even lower pressures the

CF2 concentration would eventually decrease with decreasing pressure.
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However, the surface source in our system might not decrease linearly with

pressure, if higher ion energies produced more desorption per ion as the total

(and ion) densities decreased. Still, we expect a peak in CF2 concentration

at some total pressure below 0.05 Torr. The possibilities that C2F6 peaks

above this, and that it increases as the pressure goes past 1 Torr, are both

consistent with it being a product of radical recombination and reaction whose

rates are faster at higher total pressures.
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However, these bulk gas considerations may not be the major mechanism

behind the concentration variations with pressure. One phenomenon which must

be considered, the lowering of the average energy of the electron distribution

with increasing pressure as observed by Tachibana et al.4 1 in methane plasmas,

may only be important in reactors with shorter residence time than ours. An

enhanced efficiency of CFx species removal from the Teflon liner by

bombardment by higher energy ions at lower pressures could play a role, but if

our hypothesis that this flux of surface-generated species is primarily CF2

and is small compared to the gaseous CF4 input, this contribution to the

observed pressure effect may also be small. Instead, the increasing spatial

nonuniformity with higher pressure, with the glow and presumably the source of

radicals moving more towards the electrodes, may play a major role.

Figure 12 presents a recent laser induced fluorescence study of CF2

profiles in a parallel-plate reactor.31 They interpret their results in terms

of a diffusion length L which in fact is an e-folding length for CF2 chemical

reaction, primarily with fluorine atoms. Looking at the power variation in

Figure 12, we see that at the lowest concentration of CF2 (and other reactive

radicals, including F atoms) this length is the size of the electrode spacing

and the CF2 concentration is uniform throughout the reactor volume. Only a

doubling of power and radical densities is required to establish a noticeable

gradient. Of course, the effect of pressure on the discharge is first of all

a result of changing electron and ion kinetics, but the concept of a chemical

diffusion length must then be applied to assess how far from a glow or source

region radicals can travel before being consumed. We expect that the source

region is moving away from the laser spot pattern as the total pressure is

raised, and that the chemical diffusion length is if anything decreasing as

well, and that both effects may be contributing to the decrease in CF2 column

density observed.
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On the other hand, C2 F6 is a stable molecule, and if at higher pressures

there is indeed a widening volume in the center of the tube with low electron,

ion, and radical concentrations, C2F6 should have no trouble filling the tube

uniformly at pressures of 1 Torr and below. Therefore, the lower C2F 6

concentrations observed at higher pressures in Figure 11 would seem to reflect

a change in the gas phase chemistry averaged over the reactor volume.

Finally, we address the question of the drop in observed CF4 dissociation

at the highest pressures, keeping in mind that these data have enough

uncertainty that the effect may not be real. A nonuniform plasma could result

in an essentially constant fractional dissociation until the distance over

which radical recombination to form CF4 takes place becomes shorter than the

distance between the laser beam pattern and the effective source of

dissociation near the electrodes.
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2.6 Observations in CH4 Plasmas

Species observed in CH4 plasmas include the methyl radical, CH3 ,

ethylene, C2H4 , and acetylene, C2H2. Observations of CH4 dissociation and

rotational temperature were also made. Studies in .ne spectral region where

CH2 lines were expected resulted in the observation of several discharge-

produced absorption lines which do not match with the known CH2 spectrum. We

suspect C2H4 or C2H6 , also plausible decomposition products, b-t have not been

able to make a positive assignment.

2.6.1 CH3 and C2H2 Concentration Measurements

The work on methane plasmas was simply directed to determining which

species could be detected for later coordinated parametric studies. However,

having located good absorption lines, we did perform a few parametric

variations. We present examples here, beginning with Figure 13 which shows

CH3 number density variation with RF power. It will be noted, first, that the
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Figure 13. CH3 Number Density with RF Power
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methyl radical concentration is two orders of magnitude smaller than the CF2

concentration in an otherwise similar CF4 plasma. It is also seen that its

concentration rapidly plateaus out at a limiting steady state value. Both

observations are consistent with concentrations determined by gas phase

chemistry, considering that the CH3 radical is much more reactive than the CF2

radical.

Figure 14 shows the CH3 radical concentration variation with total pressure.

Once again, the absolute number density decreases as the total pressure (and the

CH4 number density) increases. The decrease is more gradual when compared to the

steep drop in CF2 concentration between 0.1 and 0.2 Torr. We can speculate that

Q8(8) Line

RF Power 300W

I?[ICH 4 ]/[CH 4 + Ar] = 0.65

2

0.2 0.4 0.6 0.8 1.0
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Figure 14. CH3 Number Density with Total Pressure
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because of the high reactivity of CH3, if there is a region where the balance

between production and destruction changes to produce a dramatic increase in number

density, it occurs at lower pressures than for CF2.

Finally, Figure 15 shows C2H2 number density over the same total pressure

range. Although C2H2 is present in much larger concentrations than the

radicals we have studied, it still is under 10 percent of the input methane.

Since the line used in Figure 15 is a hot band line (originating in the first

vibrational excited state rather than the ground state) it will be more

sensitive to temperature than the neighboring ground state line. Analysis of

such pairs can yield a vibrational temperature, which will in general be out

of equilibrium (higher) with the translational/rotational temperature. Our
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Figure 15. C2112 Number Density with Total Pressure
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analysis suggested that even the vibrational temperature in these plasmas is

not too high, and that the 500 K temperature we assumed in order to analyze

the data of Figure 15 is not too greatly in error. In the following

subsection, we will see the rotational temperature we measured later is lower

still.

2.6.2 C_4 Dissociation and Temnerature Observations

The above observations raised at least two questions which can now be

given tentative answers based on additional results presented here. First,

does C2H2 account for the majority of dissociated CH4 which would imply a low

(order of 0.12) fractional dissociation, or are there more dissociation

product species not yet detected?

The second question concerns the drop in fractions of both C2H2 and CH3

with increasing pressure. It is observed that at low pressures the glow

discharge fills the flow tube, while at higher pressures (approaching I Torr)

the center of the tube is darker and the glow is concentrated near the

electrodes. Does this smaller volume of glow (in which most of the electron

impact dissociation occurs) result in lower average dissociation of CH4 at

higher pressures, and is this in turn the reason for lower fractions of

dissociation products? Or, does the plasma chemistry change with total

pressure, changing the distribution of products?

Both of these questions call for a measurement of the CH4 dissociation

fraction. However, this in turn requires an accurate knowledge of the plasma

temperature, since an observed decrease in adsorption line in'tensity can be

due to dissociation or simply to a change in density due to gas heating, or a

combination of both effects. We were fortunate to find a region of the Ci4

absorption spectrum (shown in Figure 16) which provided both concentration and

temperature information in a single diode scan. The strong line on the right

hand side is seen to have a low energy ground state and to decrease in

intensity both due to dissociation and heating, while the intensities of the
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lines on the left remain almost unchanged as dissociation is almost

counterbalanced by increases in relative intensity due to gas heating.

Plasma temperatures vere obtained using the ratio of CH4 line intensities.

The lines used were the set of lines with high rotational energies (high J) at

1273.7822, 1273.7843 and 1273.7859 cm-1 , and the low-J 13C line at

1274.0176 cm-1 . As an example of the variation of plasma temperature with

applied power we show in Figure '17 observations for a total pressure of

0.12 Torr and a CH4 fraction in the tube of 0.63 of the total of CH4 and Ar

purge gas. The plasma temperature rises to about 325 K with only 50 W applied

power, and continues to rise in a roughly linear fashion to arrive at about

400 K in the region of 1000 W of applied power.

Figure 18 shows a set of measurements of the CH4 dissociation fra&cion,

measured using the same 13C line used in the temperature measurement described
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above. The observed peak optical depths must be corrected to values which are

representative of the CH4 concentration in the active plasma region by

subtracting out the optical depth appropriate to a small region between the

ring injector and the electrodes, where it is assumed that no dissociation

occurs. This region is estimated to be about 5 cm long, compared to an

effective single pass absorption length (calculated from the tabulated line

strength, the observed line width and discharge-off optical depth, and an

average CH4 concentration in the tube) of about 125 cm.

The fraction of CH4 which remains is related to the ratio of these

corrected optical depths. However, before it is subtracted from one to yield

a dissociation fraction, this ratio is corrected by multiplying it by the

ratio of discharge-on and discharge-off temperatures to correct for the change

in density, and by the ratio of Boltzmann factors (discharge-off to

discharge-on) to correct for the change in line strength as the gas is heated

(if a change in line width had been observed, a correction for this would also

have been included). In this way, the observed column densities are converted

into a fraction of the total CH4 which is dissociated, which represents an

average over the line of sight down the tube. It can be seen that except at

very low powers the majority of the CH4 has been dissociated, and that the

dissociation fraction approaches 0.9 at high powers.

We can also see in Figure 16 that additional absorption lines appear when

the discharge is on. These turn out to be C2H2 lines. We found no

information on this band in the spectroscopic literature, but simply

identified it, and quantified the line strengths at room temperature, by

taking spectra of a static sample of C2H2 in the flow tube. The fact that we

do not know lower state energies and hence temperature dependences for these

lines introduces an uncertainty into absolute concentration measurements made

using them. However, since the temperature rise in the plasma is small, we

expect the error to be small, most likely much less than a factor of two. In

fact, the C2H2 concentrations shown in Figure 19, obtained assuming no
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significant change in line strength, agree with our earlier5 observations

using known lines, when those observations are corrected from an assumed

temperature to the observed temperatures reported here.

2.6.3 AsH] Species in Organoarsine Decomposition

From its inception in 1986, our research program has had as its ultimate

goal the development and demonstration of laser diagnostics to support
deposition mechanism studies for compound semiconductors, with gallium

arsenide chosen as being representative and having the largest base of
phenomenological observations and modeling studies with which our
investigations could connect. We chose as a particular focus a hypothesis
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connecting suppression of carbon incorporation into the growing film with the

action of AsHx radicals in carrying reactive hydrogen to the surface.

Considering that in the MOCVD of GaAs from arsine and trimethyl gallium, most

of the gallium is thought to arrive at the surface with at least one CH3 group

still attached, it is in one sense remarkable that only a tiny fraction of the

incoming carbon is in fact incorporated. Even a tiny fraction, however, has

tremendous effects on the electrical properties of the film.

An understanding of carbon incorporation mechanisms has become even more

important as the industry has moved away from arsine as the arsenic source to

organoarsine compounds which are safer but which themselves carry carbon to

the growth surface. It is observed that compounds such as trimethylarsenic

(TMAs) which have no As-H bonds give rise to very high levels of carbon

incorporation, while compounds which could directly dissociate to AsH or AsH 2

radicals give much lower carbon. The above hypothesis is now regularly

invoked in explaining these observations.32-36

Clearly, measurements of absolute AsH, AsH2 , and AsH 3 concentrations in

organoarsine decomposition systems would add much to our understanding. AsH 2

has never been observed by direct infrared absorption, although one infrared

band position is known through analysis of its electronic spectra. The AsH

radical has received one preliminary study using tunable diode lasers. 3 7 We

chose it as the first AsH x radical to attempt to observe. However, before

beginning AsH observations we made a search of a region of containing known

AsH 3 lines, in a plasma containing THAs.

Determination of AsH 3 concentrations is a useful preliminary to looking

for AsH, since the AsH band overlaps an AsH 3 band. In addition, recent

investigations into afterglow decomposition of organometallics including TMAs

in a deposition chamber3 8 ,39 and into microwave plasma generation of AsH 3 from

THAs4 0 have reported AsH 3 as a decomposition product. We noted that, using

present thermodynamic data for arsenic containing species, the only

energetically favoced gas phase reactions which can lead to AsH 3 are those
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which add hydrogen atoms to AsHx radicals, and that these three-body

recombination reactions will be extremely slow at the reduced pressures of

plasma discharges. Therefore, our observations of decomposition of a 2:1

mixture of Ar and TMAs at a total pressure of 0.44 Tort and an input RF power

of 400 W were made under conditions in which AsH 3 observation would have been

surprising.

In the event, we observed no AsH 3 , down to a sensitivity level

conservatively estimated to be 1011 cm- 3 . In other words, the fraction of

TMAs converted into AsH 3 under these conditions is much less than 10- 4 . This

is not necessarily in conflict with observations of AsH 3 formation in other

plasma sources, 3 8 - 4 0 since plasma sputtering of hyrogenated arsenic films in

those systems could give rise to AsH x species which are unable to form in gas

phase reactions. Our studies (to be discussed below) of a region containing

AsH lines were more extensive, including: the use of tertiarybutylarsine as

the arsenic-containing species (one which is capable of direct dissociation

into AsH 2); use of hydrogen as a carrier gas; observation of discharges of

argon and hydrogen or hydrocarbons alone; and improvement of our detection

sensitivity using computer averaging of laser scans. These studies showed

that some AsH could be driven off the walls of the reactor by a pure argon

discharge, and that more appeared when hydrogen containing compounds were

added to the flow. However, we did not return to the AsH 3 region to see if it

could be formed in measurable quantities from wall deposits using

argon/hydrogen discharges.

2.6.4 Q214 in THAs and CH4 Decomposition

On the other hand, our observations in the 1076-1078 cm- 1 region did show

a set of absorption lines whose appearance was associated with the plasma

decomposition of TMAs. We soon determined that the same lines appeared upon

decomposition of CH4 , and that they were due to C2H4 . Estimates of C2H4

concentrations based on room temperature line strengths (again, no line

identifications were available) gave the result that in both CH4 and TMAs
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systems the conversion to C2H4 was of the same order, with perhaps 5 percent

or less the input carbon beir. convrted to C2H4.

With this observation and the CH4 dissociation study reported above, we

can return to the questions we posed at the beginning of this discussion. We

now know that the fractional dissociation of CH4 is high, so that its

conversion fraction into C2H4 , C2H2 and other species not yet identified must

be large. We have not made a systematic study of CH4 dissociation fraction as

a function of total pressure. However, our extensive observations of CH4

dissociation and of CF4 dissociation fraction taken at the same pressure

precisely overlay each other (see Figures 9 and 18). At higher pressures, our

observations are that the CF4 dissociation fraction decreases somewhat, but

only by 10 or 20 per cent from 0.1 to 1.0 Torr. We also made some studies of

dissociation using C2H4 as a feed gas, and found its dissociation was

essentially complete throughout our pressure range. If this is true for CH4

as well, then lower dissociation of the feed gas is clearly not the reason for

a drop in CH3 fraction by a factor of 20. We conclude that a major reason for

the drop in fractions of particular dissociation products is that higher

pressures facilitate chemical reactions which shift the molecular species

distributions to larger and less reactive molecules.

2.7 AsH in Organoarsine Comvound Decomposition

In our observations of AsH radicals in the plasma decomposition of

tertiarybutylarsine (TBA) and trimethylarsenic we had several goals. At the

diagnostic development level, we wanted to see if AsH absorption lines could

be detected without interference from other AsH species or from hydrocarbon

compounds. Plasma decomposition presumably yields a wider variety of products

and is therefore a greater challenge than thermal decomposition. We found

that AsH lines were indeed detectable without substantial interference, even

against a background of hydrocarbon species lines.

At the mechanism definition level, we had three practical systems which

our plasma system could in some degree be thought to resemble. As discussed
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in subsection 2.6.3, these systems are the dominant film deposition method of

d--nmposition cvcr hot substrate, afterglow decomposition af organo-

metallics 3 8 ,3 9 and microwave plasma generation of arsine from TMAs.4 0 The

afterglow decomposition studies have not involved putting the organometallic

compounds directly into the plasma, and have not reported observations any

more basic than film quality, and for both reasons it is difficult to make

direct connections between this work and ours at the present time. The micro-

wave arsine generation system is closest to ours in principle, although

differences in the nature of the wall coatings and the energies of electrons

and ions in the two plasmas could make the results quite different.

Finally, there is the question of what connection, if any, can be made

between observations in our plasma system and the processes occurring in-

thermal decomposition above a hot substrate. In particular, we wanted to

switch back and forth between THAs and TBA feed gases and observe a difference

in the AsH concentration. It is already clear that the differences between

the plasma and thermal decomposition systems are substantial. For one, we

expect the major arsenic-containing thermal decomposition product of TBA to be

the dihydride, with little or no initial AsH. For another, we do observe

substantial AsH formation in pure argon plasmas, presumably from arsenic

deposited on the walls of the reactor, and from hydrogen either incorporated

in this film or from water adsorbed on all reactor surfaces. That the

hydrogen, whatever its source, is the limiting factor is seen in the

observation that only a few minutes of running of a pure argon plasma reduces

the AsH absorption by a large fraction, but addition of hydrogen or a

hydrocarbon to the gas flow brings the AsH level back up.

There is indeed one additional factor which complicates the

interpretation of observations of plasma decomposition of organoarsine

compounds. These compounds form very stable negative ions, and the high

degree of electron attachment results in a plasma with very low electron

energies. We had not known this when we originally planned our experiments,
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but were warned of the possibility a few months before we began work with

arsenic compounds by Vince Dcnnelly of AT&T Bell Laboratories, who had worked

with phosphorous analogs and expected the same effects with arsenic compounds.

His remarks saved us from repeating what he described as a day of panic when

he began his expericents, since the result of adding these compounds to a

brightly glowing argon or hydrogen discharge is that the glow almost complete-

ly disappears (since almost all electrons capable of exciting visibly emitting

states have been attached), a condition usually associated with an arc in a

feedthrough or other invisible region of the apparatus. Indeed, we observe

that adding even small amounts of organoarsine compound to the discharge

reduces light emission to a faint purple glow only visible with all the room

lights off.

The result of this is that the concentration of decomposition products

has a maximum as a function of organoarsine compound concentration in the feed

gas. At low concentrations (on the order of 10 per cent in argon, with a

total pressure in the 0.2 to 0.3 Torr range), we seem to observe a slight

increase in AsH concentration over that seen in discharges containing only

argon and hydrogen. At only somewhat higher concentrations, however, the AsH

concentration is lower,as is the glow intensity. From our observations to

date, it is difficult to tell what fraction of the AsH at any organoarsine

concentration comes from gas phase decomposition and what from the walls.

However, as we have discussed in the fluorocarbon and methane systems, it is

very possible that AsH is a large fraction of the total flux of arsenic

compounds from the wall but a small fraction of the arsenic compounds

generated by gas phase decomposition. This could mean that the AsH

concentrations observed with organoarsine feeding are very close to what they

would be if there were no wall source, even though they are only 10 to 50 per

cent higher than AsH concentrations using an argon/hydrogen discharge. The

other limit is that only the difference between organoarsine and no

organoarsine flows is the AsH due to gas phase decomposition. The lowering of

electron energy with added organoarsine compound will result in lower AsH

production whether the source is the gas phase or the wall.

2-40



With all of these caveats in mind, we can now turn to Figures 20 and 21

which give exampies of our observations o! plasmas containing THAs and TBA,

respectively. The strong, broad absorption lines in the center of each scan

are from an external cell of NO, used in case the RF affected the diode scan.

In addition to the two AsH lines indicated, there are several lines from an

unidentified radical species, probabiy originating from the fluorocarbon liner

(since their intensities are larger in a pure argon discharge). The TBA

spectrum differs from the ThAs spectrum chiefly in that the AsH intensities

are larger, though only on the order of 40 per cent larger. We repeatedly

switched back and forth between the two source gases and found this difference

to be reproducible.

In discharge spectra using larger feed gas concentrations, we had

observed a second difference, that TBA decomposition also gives rise to

several stable hydrocarbon products with absorption lines in this region,

while no such lines are observed in ThAs decomposition. A few lines match

with ethylene, but most are unidentified. Although there seems to be an

overlap between the left hand AsH line and one of the smaller of these

hydrocarbon lines, the right hand AsH line seems to be free from interference

(except for a small fluorocarbon radical line). In feed gas mixtures

containing 50 percent TBA, the fractional absorption of these hydrocarbon

lines (whose positions are indicated by the upper set of arrows) had been 10

percent and more. Therefore, it is surprising to see how much weaker they are

in Figures 20 and 21, and even more surprising to find they now appear with

both TBA and TMAs. It is possible to put forward various explanations,

including additional chemistry (gas phase or surface) which consumes small

concentrations of the hydrocarbon products during the tube residence time, and

either the Dresence of these hydrocarbons in the film deposited on the reactor

wail or possibility that the organoarsine feed lines were never adequately

purged of one compound before observations on the other began. However, we

are not now in a position to prove or disprove any of these hypotheses.
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Figure 20. Infrared Absorption Spectrum of AsH Line Region for 500 W

Discharge of Approximately 20 Percent Mixture of THAs in

Argon. The Upper Set of Arrows Denote Hydrocarbon Decompo-

sition Product Line Positions Derived from Spectra of High

Concentrations of TBA. Large Lower Arrows Indicate AsH Line

Positions, while Light Arrows Denote Lines which Increase in

Intensity in Pure Argon Discharges, and are Presumed to be a

Fluorocarbon Radical Species.
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Figure 21. Infrared Absorption Spectrum of AsH Line Region for 500 W
Discharge of Approximately 10 Percent Mixture of TBA in
Argon. The Upper Set of Arrows Denote Hydrocarbon Decompo-
sition Product Line Positions Derived from Spectra of Higher
Concentrations of TBA. Large Lower Arrows Indicate AsH Line
Positions, while Light Arrows Denote Lines which Increase in
Intensity in Pure Argon Discharges, and are Presumed to be a
Fluorocarbon Radical Species.
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The observation of even somewhat more AsH from TBA than from THAs is

suggestive of the role of arsenic hydride species in thermal decomposition,

and is not all that surprising if the major source of AsH is gas phase

decomposition of the feed gases. However, we must emphasize again that we

cannot assume this and that this system has enough complications that easy

interpretation is not possible at this time. For one, although the absolute

concentrations of TMAs and TBA in the feed gas have considerable

uncertainties, the vapor pressure expressions we have indicate a factor of two

higher concentration for TMAs for a 273 K bubbler temperature (our present

estimates of feed gas concentrations for TMAs and TBA are 20 and 15 per cent

of the total flow, repectively). We also observe that the AsH concentration

goes down when we double the TBA concentration in the feed gas. Therefore, we

cannot be sure whether the differences in AsH concentration seen in comparing

Figures 20 and 21 are really connected to differences in gas phase

decomposition processes, or are in fact only related to a difference in the

peak concentration for each compound resulting from the competition between

increasing arsenic concentration and decreasing electron energy. The only

thing we can be sure of is that additional measurements of AsH concentrations

as well as hydrocarbon decomposition species concentrations as a function of

parameters such as total and partial pressures could shed additional light on

Lhe mechanisms involved in a very complex chemical system.

2.8 Conclusions

Infrared tunable diode laser absorption spectroscopy is a very useful

diagnostic of RF plasmas, capable of detection of a wide variety of the

radicals and stable molecules found in the CF4 , CH4 , and organoarsine systems.

Although cur long path system resulted in strong absorption levels, allowing

us to use simple direct detection using a slow laser scan rate and a simple

detection system, standard techniques for high sensitivity detection would

allow measurements of all the species measured to be made over the 10 cm paths

typical of plasma processing equipment. A high degree of feed gas
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dissociation was observed, with only a small fraction going into the

steady-state concentration of the reactive radicals such as CF2, CH3 and AsH.

While C2H4 and C2H2 are clearly major decomposition products in hydrocarbon

systems, there may well be other important species as well. We have no doubt

that with its ability to make quantitative, sensitive measurements of both

stable and transient species, tunable diode laser absorption will be applied

to not only the systems and molecules studied in this report, but many others

as well, and contribute substantial understanding of the complex chemical

mechanisms involved in sewiconductor processing systems.
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The infrared band strength of the P, band of the methyl radical has been measured using tunable diode laser absorption by the
Qs (8) line at 608.3 cm-'. Expenments were pertormeO in a discharge-flow apparatus. using the homogeneous recombination
decay to quantifv CH, concentrations. The measured line strength at 300 K is (3.2± 1.0) x 10-"' cm-' (molecule/cm.)- 1. re-

sulting in a band strength of (2.5 ± 0.8) x 10- ' cm- (molecule/cra: ) -'. This agrees with an earlier value to within the combined
error limits.

1. Introduction - .49Wp

The methyl radical is an important intermediate
in a number of reactive systems. Measurements of its
concentration would contribute greatly to the un-
derstanding of chemical vapor deposition or com-
bustion systems, to name two examples. Quantita- wua*Loon 24IeM i

tive infrared absorption measurements have been 7 W la44

performed in MOCVD and diamond deposition sys- -_______-'__-__

terns [1.21 using a tunable diode laser. These mea- To _ ------ _____

surements of absolute concentration depend on a ,_,,, __-_.___,___

knowiedge of the strength of the absorption line used. 
m a

One measurement of this quantity has bcen reported
3 1, but its interpretation required assumptions with"

considerable uncertainties. A measurement under UON

somewhat different conditions was therefore under- 3

taken. and is reported here.

2. Experimental Fig. 1. Discharge-low apparatus with muitirle-pass aosorption

cell.

Methyi radicals are producea in the aiscnargc dow
apparatus shown schematically in fig. 1, using the re- ture flows were vared in the range 0.25-2.15 STP
action of fluonne atoms with a large excess of meth- cm3 s- , while a diluting flow of He through the dis-

ane. Fluorine atoms are produced in a microwave charge of 12 STP cm' s -' served to minimize F atom

discharge of a 10% F, in He mixture. The discharge losses on the wall of the discharge tube.
tube is alumina with a 1 cm inner diameter. F, mix- The flow tube is a 6 cm inner diameter stainless

steel tube coated with halocarbon wax. Helium car-

Present address: Questek. Inc.. 44 Manning Road. Billenca. rier gas is added through a loop injector at the back

MA 01821. USA. of the flow tube. The carrier gas flow used in the set
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of measurements reported here was about 27 STP to absorption lines. In addition. a variant of sweep
cm 3 s- . Total flow rates into the flow tube resulted integration was used, in which a computerized data
in an average gas velocity of 1950 cm s- 1. The mea- acquisition system accumulated sequential second
surements reported here were performed at 0.57 Torr derivative scans. The diode laser current scan was
and 295 I_ swept across the absorption line at 2.9 Hz while the

Methane ( 1.6 STP cm3 s-I) is added to the flow output of the lock-in amplifier was sampled by an
through a movable injector downstream of the F analog to digital converter. The time constant of the
atom injection point. In the present experiments, the lock-in amplifier was 4 ms. and about 200 scans of
discharge tube is fixed just downstream of the carrier the CH3 line were averaged for each fluorine flow and
gas injection loop. Helium purge gas flows are added injector position.
through the transverse tubes of the observation re- Background subtraction was performed using a
gion which contain the mirrors for the multipass ab- discharge-off scan. Interference fringes from various
sorption cell. The flow tube pressure is measured with pairs of surfaces in the optical train were present at
a capacitance manometer ( MKS) and the flow rates levels of up to 20% of the smallest peak absorption
are measured with thermal conductivity-type flow- signals. Calibration of both the second derivative de-
meters (Tylan), calibrated by measuring the change tection efficiency and the computer data acquisition
of pressure with time in a known volume, system was done by measuring a strong CH 3 line in

The beam of a tunable diode laser was collected direct absorption using a slow scan, and comparing
using an off-axis paraboloidal mirror and passed the chart recorded traces with the computer-gener-
through a 0.25 m monochromator for mode selec- ated second derivative scans.
tion before being focused into the absorption cell.
The absorption path is contained in an off-axis res-
onator cell [ 4 ] transverse to the flow. It is composed 3. Results
of a 5 cm diameter, 50 cm focal length back mirror
and a 5 cm diameter plane front mirror with a cen-
tral 0.5 cm diameter entrance/exit hole. The mirror The data set upon which we base the line stre'.gth
spacing is about 30 cm, giving 32 passes of the laser determination is shown in fig. 2. The inverse of the
beam through the flow before exiting to be focused CH 3 line peak optical depth has been plotted as a
onto a HgCdTe detector, function of CH4 injector position. where the zero

The absorption path length is determined by in- point is closest to the absorption region (about 5 cm
troducing a measured flow of NO through the in- upstream of the center of the infrared beam pat-
je.tor used for CH. (keeping the helium flows con- tern). Optical depth is defined as a=ln(10 /1), where
stant) and recording the absorption of a line whose I and I, are laser intensities with and without
strength is known [5 ]. The flow tube NO concen- absorption.
trations are calculated from the relative flow rates Since the CH, formation reaction between F at-
and the flow tube pressure. The total effective path oms and CH, is rapid. changing the distance be-
length for the conditions of the measurements re- tween the injection and the observation region
ported here was determined to be 225 ± 20 cm. This changes the time during which the CH , concentra-
corresponds to 7 cm per pass. which is reasonable for tion decays before being observed. If homogeneous
a tlow exiting a o cm diameter tube and partially recombination were the only process affecting CH,.
confined by purge flows. This effective path length a plot of inverse optical depth with reaction distance
was not sensitive to the NO injection point over the would show a linear dependence. since the CH , con-
range of positions later used for CH4 injection, in- centration follows the expression
dicating fast mixing within the flow tube. I 1_(_)

Second derivative detection was used. in which a [CH+kA. (I)
sawtooth modulation was imposed on the laser diode
current, and a lock-in amplifier was used at twice the where k is the (two-body) recombination rate coef-
modulation frequency to detect changes in signal due ficient. This can be rearranged to give

48



Volume 156. number I CHEMICAL PHYSICS LETTERS 24 March 1989

the dominant loss mechanism. eq. (I) can be used

to convert least-squares fits of the data in fig. 2 into

CH3 concentrations. if the recombination rate con-

stant k is known. Methyl radical recombination ki-

0 netics have been extensively studied. From a review
of the literature [7-Ill, we chose a value of
3.85x 10-" cm 3 molecule- s for our carrier gas,

temperature and pressure.
An independent value of k can be obtained from

Uthe data in fig. 2, if the CHI concentrations can be

to now raw obtained from the measured F2 flow rates. Assuming

= .3x a 1.32 to l conversion of F, to CH 3 [6], the slopes

8- 2 ,.9 i o-' of the lines in fig. 2 may be converted to recombi-

* .9: 1O •,nation coefficients. The precision of the data is not

£• 8.00 • - adequate to produce an estimate of the rate constant

1 of greater accuracy than can be obtained from the

0 2 4 literature - a least-squares analysis yields about

IWWNOR PosmoN, em (2 ± 1.5) X 10- 11 cm 3 molecule-' s- ', which is in fair

Fig. 2. Second-order plot of inverse CHI line peak optical depth agreement with the value quoted above.

with injector position. The average flow velocity is 1950 cm/s. Having obtained a CH3 concentration, the line

the temperature and pressure a:c 295 K and 0.57 Torr. and the strength can be obtained from
path length is 225 cm.

S=2.13Avao/i[CH] . (3)

[CHo I ([CH 10 (2) In this equation. a, is the line peak optical depth. I
o kA [CH I] is the absorption path length. Av is the linewidth (half

so that the ratio of two corcentrations separated by width at half maximum). and the factor 2.13=

a time At can be replaced by the ratio of observed (In 2/t) - is only appropriate if the lineshape is

optical depths at two injector points. Gaussian. For many lasers. frequency jitter adds a

Therefore. we first obtain [CHi 10 at the zero (fur- substantial component to the linewidth. so that the

thest downstream) injector position from the slopes lineshape is no longer Gaussian and the product of

of the lines in fig. 2. Then. eq. (1) can be used to 2.13Av and a, should be replaced by the integral over

extrapolate to obtain the CH3 concentration in the the lineshape. However. in this case the analysis of

center of the observation region. The extrapolation the N,O lines used in determining the path length

distance is obtained by using fig. 2 to find the dis- showed the instrumental broadening to be very small.

tance to the point where the observed CHI optical so that use of the product of height and width in-

depths are in the same ratio as the measured F, flow volves no loss of accuracy.

rates [6 1. The best value for this distance is 4.5 cm The values obtained from fig. 2 for the line strength

downstream from the iniector -zero" point, of the Qg(8) line of the v. band are 3.03/ 10- "'.

Losses or CH , to ne wails oi tne flow tuoe could 2.93x1O'-. 3.40X10 -1. and 3.42X0 -l' cm-'

also contribute to the observed change in CH 3 op- (molecule/cm:) -' in order of increasing initial CHI

tical depth. Wall losses of CHI were not measured concentration. We weight the smallest CH 3 value less

directly, although wall losses of F atoms were mea- heavily than the others (due to its smalier signal to

sured and found to be negligible. However, the lin- noise ratio), and report a line strength of

earty of the second-order plots in fig. 2 indicates that (3.2±i.0)x 10 ' cm-1 (molecule/cm) - '. The

first-order losses are negligible compared to the sec- error estimate takes into account 20% limits on sys-

ond-order recombination. tematic and random errors in the slopes of lines in

With homogeneous recombination established as fig. 2, 20% in the recombination rate coefficient, and
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10% errors in both the contact time and absorption ature of 600 K. the appropriate recombination rate
path length, coefficient could be smaller by as much as a factor

of two (9,101.
A smaller value for the rate coefficient results in

4. Discussion a smaller value for the line strength. The actual value
for rate constant applicable to the Yamada and Hirota

Yamada and Hirota [31 have used a flash pho- study is difficult to determine since there are no
tolysis-diode laser absorption technique to obtain a measurements of the third-body collision efficiency
band strength for the v, band based on absorption in DTBP. The advantage of the discharge-flow tech-
measurements using the Q4 (4) line at 600 K. To nique used in this study is that the temperature is
compare their value with ours, we convert our line well defined and third-body efficiency in argon has
strength to a band strength by dividing by the frac- been well characterized.
tion of the intensity in a single line.
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The v, infrared band strength of the CF 2 radical has been measured using tunable diode laser absorption by the PR, (20) line at
1240.50 cm - '. Expenments were performed in a flow apparatus in which CF, was generated by thermal dissociation of CF 2HCI.

Simultaneous single pass absorption of UV light from a KxF excimer laser was used with a literature value of the UV absorption
cross section to quantify CF 2 concentrations. The measured line strength at 360 K is ( 1.4 ± 0.4) X 1020 cm -' (molecule/cm) - 1.
This results in a band strength of ( 1. 1 t 0.4) 10 - '" cm - ' (molecule/cm ) -', in good agreement with a measurement using a
different technique. Analysis of FTIR spectra of the v, and P, bands indicates that the P, band strength is larger by a factor of 2.4.

1. Introduction 2. Experimental

The CF, radical is an important molecular species CF2 radicals are produced in the flow apparatus
in sucn semiconductor processing systems as etching shown schematically in fig. I by thermal decompo-
plasmas. As such, a number ot investigations have sition of CFHC1 in a tube oven inserted into the back
used it as a basis for spectroscopic diagnostics. in- of the flow tube. The flow tube is a 6 cm tnner di-
cluding laser-induced fluorescence [ 1-71 and elec- ameter stainless steel tube with an observation re-
tronic emission [8,9]. Chemical kinetics modeling gion formed from a six-armed cross. Two arms of the
studies for CF, plasma ( 10 1 predict CF, to be a ma- cross carry the gas flow, and two arms contain a mul-
jor species. with concentrations approaching that of tipass absorption cell for the infrared laser beam. The
the fluonne atoms which are the primary etchant other two perpendicular arms (not shown) are not
species. Measurements of absolute CF, concentra- used in this experiment, but two smaller diameter
tions in etching plasmas are important in evaluating (2.2 cm) arms at a 45' angle to the flow and mul-
the chemical kinetic and electrn collision mecha- tipass arms are used for a single pass UV absorption
nisms involved in these predictions. Such a mea- measurement using a KrF excimer laser.
surement is possible if the strength of the absorption The entire flow of CFHCI and argon carer gas
line used is known. We therefore undertook a mea- passing down the flow tube was injected through the
surement of the v, band strength, using a flow sys- oven. The oven is constructed of stainless steel, with
tem and a tunable diode laser. a 0.4 cm inner diameter pipe surrounded by a 30 cm

long wrapped resistance heater and an outer water
jacket to prevent heating of the flow tube. Total flow

Present address: Questek. Inc., 44 Manning Road. Billenca. into the oven was 12 STP cm 3 s- 1, with a CF 2HCI
MA 01 82 1. USA. flow of about I STP cm 3 s - '. The oven was operated
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Ar(Purge)

Cell UV
Detector

Ar(Purge %

4MM- Oven Flow

• A r r e % , D e t e c t o r
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Ar(Purge) --- iFiber Gouts.

Mu~tipass 'rom UV Excirier Laser

Tunaoie Laser Diode Out In Cell

Fig. I. Flow apparatus for CF, band strength measurement. including oven for CFHCI thermal dissociation. infrared multipass cell, and
double beam ultraviolet excmer laser absorption setup.

at a temperature of I100 K, measured by a ther- monochromator before being focused into the mul-

mocouple welded to the inner pipe. The flow tube tipass cell. After exiting the cell. the laser beam is fo-

pressure was about 0.7 Torr. so that the flow velocity cused onto a HgCdTe detector. Second dervative

in the flow tube was 550 cm s- 1. detection of the absorption signal is used. by saw-

-\rgon purge gas was added to the four transverse tooth modulation of the diode frequency (through

o cm diameter arms at flow rates which roughly its injection current) and lock-tn detection at twice

matched the flow into the flow tube. Smaller purge the modulation frequency. The second derivative

flows were also added to the two UV absorption arms. signal is calibrated by observing reference gas lines

These flow rates were set by reducing them until they in both second derivative and direct absorption

no longer affected the observed CF, absorption line modes. The frequency scale is calibrated using well

intensities. The gas flow rates were measured with known ( 121 NO lines as a reference.
thermal conductivity-type flowmeters (Tylan). and The KrF laser beam is brought to the experiment

the flow tube pressure was measured with a capac- through an ultraviolet transmitting fiber cable

tance manometer (MKS). (NRC). The beam from the fiber is then collimated

The infrared absorption path is contained tn an and split into flow tube and reference beams. Each

off-axis resonator cell [ 11 ] composed of two 5 cm beam is detected by focusing it onto a white card

diameter mirrors. The plane front mirror has a cen- placed in front of a silicon photodiode. Direct de-

tral 0.5 cm diameter entrance/exit hole. while the tection of the ultraviolet is also possible. but the sig-

back mirror is curved, with a 50 cm focal length. The nal from the visible fluorescence from the card is less

mirror spacing of about 30 cm gives 32 passes of the affected by laser beam wander. The linearity of the

laser beam through the flow. Tunable diode laser ra- white card fluorescence is assured by two observa-

diation is collected using an off-axis paraboloidal tions: the absolute intensities of the beams falling on

mirror and passed through a mode-selecting 0.25 m the two detectors differ by about an order of mag-
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nitude. and the ratio of intensities remains constant erence gas spectrum taken in direct intensity mode
over an order of magitude variation in laser power. which sets the frequency scale. Direct intensity traces

The laser pulses are amplified and broadened us- were also taken periodically through the experiment

ing an operational amplifier with a 20 ms RC decay to monitor the diode laser absolute intensity, which

time constant. The two output signals are then sam- is required to convert second derivative signal sizes

pled by a personal computer interfaced through an to absolute absorptions. In the second panel of fig.
A/D converter. The computer averages a specified 2 are two second derivative traces of the CF2 PR, (20)
number of laser pulses, then reports a sample-to-ref- line used in this study, corresponding to fractional

erence beam intensity ratio. Averaging over 200 laser absorptions of about 0.04. The first is at the correct

pulses produced standard deviations in these ratios position in relation to the N20 reference lines
which were typically 0.05% or less. (1240.50 cm -), while the second (displaced) trace

is taken a few minutes later. As shown, the peak-to-

valley distances are measured. then converted to ab-

3. Results solute absorptions using the second derivative cali-

bration factor and the measured direct intensity. At

Examples of the infrared and ultraviolet data are the top of the figure. on a time axis which includes

shown in fig.-2. The bottom trace shows an N,2O ref- the two cbservations of the infrared line. is a record

1.00 •

0 

0

I b0 0 )

CF flw ot on off on off onl off

1 1240.5 cm 11240.5 cm-

a)

1240.5 Wavenumber. cm 1240.6

Fig. 2. Example absorption data. Ia) N.O reference gas trace, in direct infrared absorption. i b) CF, infrared absorption traces, using

second denvative detection. Ic) CF. uliraviolet absorption. Points indicate values of ratios of flo;w tube and reference beam intensities

averaged over 200 laser pulses, while arrows indicate when infrared scans were made.
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of ratios of ultraviolet intensity at flow tube and ref- ference between this and the geometric value of 22.6
erence detectors. which can then be converted into expected from dividing 32 IR passes by .,2 for the
absolute absorptions. Each point represents the av- 450 UV path is presumed to be due to the changing
eiage of 200 laser pulses. concentration profile of the gas emerging from the

From the ultraviolet absorption record and traces oven and mixing with the purge flows. Additional
of the infrared absorpuon line we obtained values of differences in column density between CH. and CF,
the ratio of infrared absorption to ultraviolet ab- due to the reactivity of the latter are expected to be
sorption. aR/av. The average of these values was small.
8.9. with a 10% standard deviation. The infrared line strength can then be obtained

The UV absorption cross section was obtained from
trom a study by Sharpe et al. [ 13 ] which used a deu- o, /IV
tenum lamp and a 0.5 m monochromator with a va- S=2.13 AV,RGiv flig/111-v , ( I )

nelv of slit widths bandwidths from 0.040 to 0.200
nm ) to record a CF, absorption spectrum which was In this equation. AVR is the observed half width at
reported in tabular form at 0.5 nm intervals. CF, was half maximum of the infrared line. At the low pres-
produced by the photolysis of C,F 4 and CF,, and sure used. it is composed of the Doppler width of the
quantified by assuming quantum yields of 2.0 and absorption line and a contribution from the jitter
1.0. respectively. The results for the two gases agreed width of the diode laser line. If the latter is small, the
within the error limits of 15%. We used a I m mono- lineshape remains Gaussian. the factor of 2.13 is cor-
chromator to check the characteristics of our exci- rect, and the observed linewidth is corrected for a
mer laser line, and found a center position of 248.44 finite laser 0inewidth by = (Av +Av ) /2.
nm and a full width at half maximum of 0.264 nm. where A vn is the Doppler linewidth. Using N2 0 lines,
We then used this profile and an interpolation on the we determined the laser linewidth to be about

points ofref. 131 to derive an effective absorption (8±3)X10-4 cm-' (substantial variation in thispoins sectinof ef. (310 o derive n cthesptn value was a characteristic of the particular laser diodecross section of 1.0 x 1o- '7 cmi. Since both the width
and position of the laser line are close to the slit width used).

aind waveiength reported in ref. [131. the uncer- The precise value of the Doppler width depends
on the temperature of the CF.. Since it is formed inxiintv in this cross section is unlikely to be signiti- an oven source, it cannot be assumed to be at room

.mntlv iarzer than that q~uoted above. ratio oi tatemperature. The signal to noise ratio in the smallTo) compute the infrared line strength, the ratio of fCF, absorptions was insufficient for an accurate di-peak absorption to the product of concentration and rect measurement of the Doppler width. Instead, we
path length (the column density, ni). is required. analyzed the relative itensies of several nearby
Since in tne UV absorption we have the product of lines, using the intensities and positions predicted by
(F, concentration, cross section and path length, we an asymmetric rotor computer program [ 141 with
need only measure the ratio of column densities molecular constants based on earlier diode laser
through the CF, flow along the paths traversed by IR spectroscopy of CF. , 15 ]. Temperatures obtained
and U'V laser beams. Ideally, this would be done bv from selected pairs of lines vaned by more than 50
:easunng CF. absorpon along both paths using the K. but all pairs indicated a temperature ciose to room
,ame tecnnique. However. it was not practical to in- temperature. We chose a temperature oi 360 K as
'roduce the UV beam into our multipass cell. and being representative of the flow conditions used in
the CF. IR absorption was ioo weak for a single pass the line strength measurements. resulting in a
measurement. Instead. we measured the absorption Dop ...- width of 1.2 x 10- cm and a value for
by a methane infrared line using the tunable diode AIuR o 1.4 ±0.2)x 10 - ' cm-'
laser beam following both the IR and UV paths. while Substituting all the above values into eq. (1) re-
maintaining identical flow conditions except with suits in a line strength -)f (1.4 t0.4) x 10'0 cm-'
CH. replacing CFHCI. The column density ratio (molecule/cm) -'. The uncertainty estimate is for
obtained was 19 with a 15% error estimate. lhe dif- one standard deviation. It reflects the error limits
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discussed above and an estimate of 15% for Avil and the overlap between its cross section and that of
based on errors in measuring both the laser line- their diode laser beam. Agreement with our value can

width and the CF, temperature. indeed be obtained with plausible values of these pa-
rameters. so this observation serves as an order of
magnitude check.

4. Discussion The experimental values are in good agreement

with a theoretical prediction [201 of (1.7±0.5)

To convert to a band strength, we divide the mea- x 10 - 17 cm -I (molecule/cm2 ) - ' made by transfer

sured line strength by the fraction of the intensity in of atomic polar tensors. A recent ab initio calcula-
a single line [ 14 ], tion ( 211 used a variety of basis sets. The largest gave

- EiJ.K)T 
a value of 4 .2 X 10- 17 cm- I (molecule/cm-" i - , while

QNS QR (2) the (triple-zeta) set which gave the best agreement
QNsQR¢ with the observed vibrational frequencies gave

In this expression. 1,,, the fraction of intensity in the 6.7 x 10-'7-

given line compared to all lines with the same lower Although the line observed here is a strong line of
state, is given by the asymmetric rotor program [ 141 the v band. it is by no means the best line for sen-

to be 0.41185. The degeneracy gj is 2J= I, while the sitive measurement of CF2 concentrations. Recently
nuclear spin weight g, can be either 3 for eo ,- oe published Fourier transform spectra of both the v,
transitions or I for ee - oo and is 3 for this 2 1

0.21- and v3 bands [221 show that substantially stronger

20, 20 line [16]. The rotational energy of the lower lines can be found in the v3 band. Given the line

state E(J, K) is 160.06 cm -'. and a temperature of strengths reported here and in ref. [ 18 ], the Fourier

360 K is again assumed. The nuclear spin partition transform spectra allow the accurate determination

function Qss is (21, + I ) (21, + I ), or 4 for two spin- of other line strengths. In particular. we can deter-

1/2 atoms. The rotational partition function Qa is mine the ratio of the two band strengths. We inte-

given by Q,/a, where the symmetry number a is 2 grated selected lines in each band and compared them
and Q, is expressed in terms of the three rotational to the intensities predicted by the asymmetric rotor

constants 116], computer code [14]. We found a ratio of 2.4_t0.8.

with the v, asymmetric stretch centered at 1114 cm-I
= 1. 18 (TV.BC)Y (3) being the stronger. The theoretical prediction of ref.

Substituting all the above factors into eq. (2) and [201 for this ratio is 1.7. while that of ref. [21] is

dividing it into the measured line strength, we obtain '.7 for the largest basis set and 3.9 for the triple-zeta

a band strength of (1.1 0.4) x 10-'7 cm - (mol- set. Again. the transfer-of-parameters method comes

ecule/cm ) -' for the v) band. closest to matching the experimental value.
Recently, a measurement of this band strength has
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Radical and molecular product concentration measurements in CF 4 and CH4
radio frequency plasmas by infrared tunable diode laser absorption
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Infrared tunable diode laser absorption studies of radicals and stable molecules formed in radio
frequency (rf) plasmas are being carried out in a laboratory reactor which allows a long
absorption path. In this paper we report studies of CF4 and CH, rf plasmas. We report absolute
concentration measurements as functions of total pressure and rf power for CF2 and C2 F6 in CF4
plasmas and for CH 3 and C2 H, in CH4 plasmas.

I. INTRODUCTION The mirrors used for multipass infrared absorption have
Tunable diode laser infrared absorption spectroscopy has 15 cm diameters and are separated by approximately 2 m.
been shown to be useful in the study of process plasmas, They form an off-axis resonator,13 in which the laser beam
including chlorine etching plasmas" -

< and silane deposition enters and exits through the same central hole in the down-
plasmas. 1 7 Diode lasers have also been used to study hydro- stream mirror, and forms a spot pattern on both mirrors
carbon species in organometallic chemical vapor depo- which can be circular or which can be flattened into an el-
sition s and hot-filament diamond deposition.' However, lipse (as we now use it) whose major axis is still almost the
there have been no applications to the hydrocarbon plasmas full 15 cm but with a minor axis of a little over I cm. For CF4
used to deposit diamond and hard carbon films. There have studies, mirrors with a nominal 183 cm radius of curvature
also been no applications to molecular concentration deter- were used with a spacing resulting in 38 passes, while for
mination in the fluorocarbon plasmas widely used in semi- CH4 224 cm mirrors were used with 48 passes.
conductor etching, although a number of laser-induced flu- The 13.56 MHz rf power is taken from an RF Plasma
orescence 0' -18 and electronic emission 9 .20 studies have Products supply with 1000 W capability. Powers reported
provided relative concentration profile information. Chemi- are the values read from the digital meter on the supply. If all
cal kinetics modeling studies of CF4

2 and CH. 22 plasmas the power went into the plasma. power densities up to 0.1
have identified several important molecular species. Mea- W/cm3 would be achieved, within the range of values used in
surements of absolute concentrations of these molecules are commercial etching and deposition reactors. The fraction
important in evaluating the chemical kinetic and electron actually dissipated in the plasma is difficult for us to measure
collision mechanisms involved in these predictions. Here we or estimate, but it is very likely to be less than half.
present our first observations on a laboratory plasma reactor
which allows a long absorption path. IlI RESULTS AND DISCUSSION FOR CF4 PLASMAS

Most observations were made in the 1090-1120 cm-
II. EXPERIMENTAL spectral region. This v, band region contains some of the

Figure I is a schematic drawing of the long path plasma strongest vibrational/rotational lines of the CF, radical. At
apparatus. The active volume is contained inside a I m long the upper end of this range they are overlapped by strong
Teflon inner liner with a 15 cm inner diameter. The elec- sharp features of the C, F, molecule, while at the lower end
trodes which surround it are copper half-tubes, with water C, F6 features are not detectable. Thus, we were able to take
cooling provided by one line of copper tubing set into the spectra from which we could deduce concentrations of both
electrode surface in a loop near the outer edge. They are molecules, or spectra in which we were confident that the
separated from the stainless steel vacuum wall by an outer CF2 lines were free from interferences. Finally, some mea-
quartz dielectric tube. surements of CF4 dissociation were made in the weak band

The feed gas, together with any carrier or additive gases, at around 1060 cm -', while others were made in the funda-
enters the tube through a ring injector just before the up- mental band in the 620--625 cm -' region.
stream end of the electrodes. Argon purge gas is introduced The strengths of the CF, and C. F, spectral features used
hehind each mirror, and small flows are also put into each of were simply measured directly using a cell of known path
the cross ports which are used for visual observation and length and known pressures of these permanent gases. There
emission spectroscopy. With a 14 4/s mechanical pump and have been two experimental measurements of CF, infrared
7 cm diameter pumping line, pressures in the 0. 1-1.0 Torr line strengths. both in the neighboring v, band centered at
range are achieved with total flows in the 15-400 sccm 1222 cm -' which in the plasma would be overlapped by a
range. These translate into gas velocities of from 6 to 150 strong CF 4 band with a center frequency of 1281 cm -'. An
cm/s, or residence times in the active region of from 17 to 0.7 analysis2 4 of Fourier transform infrared (FTIR) spectra of
s. We conclude from studies in which the residence time was both the v, band and the stronger v, band used in this work
varied while the pressure remained constant that the plas- has yielded a ratio of their strengths. Use of the v, strength
mas studied have reached a steady state, with their composi- as well as the ratio reported in Ref. 24 results in a v3 band
tion not strongly affected by residence time. strength of (2.6 + 1.3) X 10- "' cm - ' (molecule/cm) -

1722 J. Vac. Scl. Technol. A 8 (3), May/Jun 1990 0734-2101190/031722-04501.00 ) 1990 American Vacuum Society 1722
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FIG. i. Cross-sectional view of long path absorption plasma apparatus.

used in the present analysis. Individual line strengths were The behavior of the decomposition product C, F6 is seen

derived using the formulas given in Ret. 24, using line assign- to be in sharp contrast to CF, trends, being essentially con-

ments and lower state energy levels given by two asymmetric stant and probably slightly decreasing with increasing pow-

rotor codes '5 '2 6 and molecular constants from the FTIR er. We observed that the fraction of CF4 dissociated in-

study.": Gas temperatures are obtained from relative inten- creased with increasing power. so the fraction converted into

sities of CF, rotational lines. C2 F6 is clearly decreasing with increasing power. In this

case, then, the balance between production and destruction

A. Concentration variation with rf power has different results, with C, F6 possibly more vulnerable to

Figure 2 gives an example of the absolute concentration electron-impact fragmentation than is CF,. C, F6 appears to

data obtained from analysis of infrared absorption features. be an intermediate which reaches a steady-state concentra-

Although the qualitative behavior of higher radical concen- tion which happens to have a roughly constant value even as

trations at higher powers is reasonable, the straight-line the CF, concentration is decreasing and the concentrations

growth of CF, as the applied f power is increased is simply of other decomposition :rd recombination products are in-

due to a particular balance of production and destruction creasing.

rates. During the first few months of operation we observed a B. Concentration variation with total pressure

riegative curvature with increasing power, as well as higher B ocnrto aito ihttlpesr

CF. concentrations by up to an order of magnitude. We Figure 3 shows absolute CF, and C.F 6 number densities

suspect that the Teflon liner was initially a stronger source of as a function of total pressure, for a constant mixing ratio.

fluorocarbon molecules. At higher concentrations. second- Features of the CF. curve include a sharp increase with de-

order recombination reactions begin to dominate over first- creasing pressure below 0.15 Torr. and an essentially con-

order production. and the increase in CF, with power be- stant behavior at higher pressures. The C, F6 concentration

comes less than linear, mirrors this behavior to a lesser extent, but may show a peak

1.5 1.5

E
E A

1 0 -1.0

C

U&O

3 E S00

z A A A A

200 400 600 800 1000 0.2 0.4 0.6 0.8 1.0
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FIG. 2. CF (A) andC.F. (E) number densities as functionsofrfpower. FIG. 3. CF, (A) and C. F (N) number densities as functions of reactor

with reactor total pressure of 0.10 Torr and mixing fraction. total pressures. with rf power of 500 W and mixing fraction.

ICF. I/(CF, + Ar1, of O.4. [CF4 I/[CF, + Ar 1.of 0.4.
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at 0.2 Torr and may also be increasing as the pressure in- 3
creases to 1.0 Torr.

This behavior could be explained in terms of bulk gas-
phase chemistry. Higher pressures could favor gas-phase re- I
combination reactions, shifting the steady state away from F 2 
CF, and towards larger molecules. Of course, at even lower
pressures the CF, concentration would eventually decrease
with decreasing pressure. However, the surface source in our
system might not decrease linearly with pressure, if higher
ion energies produced more desorption per ion as the total
(and ion) densities decreased. Still, we expect a peak in CF.
concentration at some total pressure below 0.05 Torr. The
possibilities that C2 F6 peaks above this, and that it increases 200 400 600 800 1000
as the pressure goes past I Torr, are both consistent with it RF Power, W
being a product of radical recombination and reaction whose
rates are faster at higher total pressures. FIG. 4. CH, n umber density measured using the Q a (6) line, as a function of

On the other hand, these bulk gas considerations may not rf power, with reactor total pressure of 0.15 Tort and mixing fraction.
be the major mechanism behind the observed variations with [CH, ]/[CH, + ar1, of 0.75.
pressure. Our visual observations looking down the tube are
of increasing spatial nonuniformity with higher pressure,
with the glow (and presumably the source of radicals) mov- nation chemistry, since the CH3 radical is much more self-
ing towards the electrodes. This explanation is related to the reactive than the CF, radical.
analysis of the recently published laser induced fluorescence Figure 5 shows the CH. radical concentration variation
study of CF. profiles in a parallel-plate reactor. 8 These re- with total pressure. Once again. the absolute number density
suits were interpreted in terms of a chemical diffusion length decreases as the total pressure (and the CH4 number den-
for CF., reaction, primarily with fluorine atoms. We expect sity) increases. The decrease is more gradual when com-
that the source region is moving away from the laser spot pared to the steep drop in CF, concentration between 0.1
pattern as the total pressure is raised, and that the chemical and 0.2 Torr. We can speculate that due to the high reacti-
diffusion length is, if anything, decreasing as well, and that vity of CH 3 , any region where the balance between produc-
both effects may be contributing to the decrease in CF2 col- tion and destruction changes to produce a dramatic increase
umn density observed. in number density must occur at lower pressures than for

On the other hand, C, F, is a stable molecule, and if, at CF,. Finally, Fig. 6 shows C, H, number densities over the
higher pressures, there is indeed a widening volume in the same total pressure range. Although C., H, is present in
center of the tube with low electron, ion. and radical concen- much larger concentrations than the radicals we have stud-
trations, C. F, should have no trouble filling the tube uni- ied, it still is under 10% of the input methane. Studies of the
formly at pressures of I Torr and below. Therefore. the lower CH4 dissociation fraction remain to be done. In addition, we
C, F, concentrations observed at higher pressures in Fig. 3 expect to make observations of several other chemical spe-
should still reflect a change in the gas phase chemistry aver- cies in these plasmas. and to investigate spectroscopic meth-
aged over the reactor volume, ods of temperature measurement.

IV. RESULTS AND DISCUSSION FOR CH 4 PLASMAS
Molecular species observed to date in CH4 nlasmas in-

clude the methyl radical, CH,, and acetylene. C, H2 . C, H,
was observed in the 745 cm -' region. while CH 3 was ob- 3
served on the Q6 (6) and Q8 (8) transitions at 607.02 and E
608.30 cm '. As above for CF, and C. F,, relevant C, H, _0
line strengths are easily obtained from in situ measurements o 2 -
using known amounts of calibration acetylene, while the .
CH, band strength is taken from Ref. 28. We assumed a
temperature of 500 K, higher than the temperatures mea- 1 • *
sured for CF, plasmas. The transitions used were not strong-
ly sensitive to temperature.

Figure 4 shows an example of CH, number density vari-
ation with rf power. It will be noted, first, that the methyl 0.2 0.4 0.6 0.8 1.0
radical cncentration is up to two orders of magnitude Pressure, orr
smaller than the CF, concentration in an otherwise similar
CF, plasma. It is also seen that its concentration rapidly FIG. 5. CH, numberdensty measured using theQ,(8) line, asafunctionof
plateaus at a limiting steady state value. Both observations reactor total pressure, with rf power of 300 W and mixing fraction.
are consistent with concentrations determined by recombi- [CH. 1/CH. + Ar . of 0.65.
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Radical and molecular product concentration measurements in CF4

RF plasmas by infrared tunable diode laser absorption

J. Wormhoudt

Center for Chemical and Environmental Physics, Aerodyne Research, Inc.,
Billerica, Massachusetts 01821

ABSTRACT

Absolute concentration measurements of radicals and stable molecules formed in
radio frequency plasmas were performed by infrared tunable diode laser absorption
in a laboratory 'reactor which allows a long absorption path. In this paper we
report studies of CF4 RF plasmas. We report CF2 , CF4 , and C2F6 concentrations in
CF4 plasmas as functions of total pressure, RF power, and oxygen addition.

1. INTRODUCTION

The sensitivity, wide applicability, and quantitative capability of tunable
diode laser infrared absorption spectroscopy have been shown to be useful in the
study of process plasmas, including chlorine etching plasmas 1- 3 and silane
deposition plasmas.4 "7 Diode lasers have also been used to study hydrocarbon
species in organometallic chemical vapor deposition 8 and hot-filament diamond
deposition.9 However, there have been no applications to molecular concentration
determination in the fluorocarbon plasmas widely used in semiconductor etching,
although a number of laser-induced fluorescence1 0 18 and electronic emissionlf,20
studies have provided relative concentration profile information. Chemical
kinetics modeling studies of CF4 plasmas have identified several important
molecular species.2 1 Measurements of absolute concentrations of these molecules
are important in evaluating the chemical kinetic and electron collision mechanisms
involved in these predictions. Here we present our first observations on a
laboratory plasma reactor which allows a long absorption path.

2. EXPERIMENTAL

Figure 1 is a schematic drawing of the long path plasma apparatus. The active
volume is contained inside a 1 m long Teflon inner liner with a 15 cm inner
diameter. The electrodes which surround it are copper half-tubes, with water cool-
ing provided by one line of copper tubing set into the electrode surface in a loop
near the outer edge. They are separated from the stainless steel vacuum wall by
an outer quartz dielectric tube.

The feed gas, together with any carrier or additive gases, enters the tube
through a ring injector just before the upstream end of the electrodes. Argon
purge gas is introduced behind each mirror, and small flows are also put into each
of the cross ports which are used for visual observation and emission spectroscopy.
With a 30 cfm mechanical pump and 7 cm diameter pumping line, pressures in the 0.1
to 1.0 Torr range are achieved with total flows in the 15 to 400 sccm range.
These translate into gas velocities of from 6 to 150 cm/s, or residence times in
the active region of from 17 to 0.7 seconds. We conclude from studies in which
the residence time was varied while the pressure remained constant that the
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Figure 1. Cross sectional view of long path absorption plasma apparatus.

plasmas studied have reached a steady state, with their composition not strongly
affected by residence time.

The mirrors used for multi-pass infrared absorption have 15 cm diameters and areseparated by approximately 2 meters. They for a off-ais resonator, 2 2 in which

the laser beam enters and exits through the same central hole in the downstreammirror, ~d fo a spot pattern on both mirrors which ca be circular or which

can be flattened into an ellipse (as we now use it) whose major axis is stlll
almost the full 15 cm but with a minor axis of a little over 1 cm. Mirrors with a
nominal 183 cm radius of curvature were used with a spacing resulting in 38
passes.

The 13.56 MHz RE power is taken from an RE Plasma Products supply with 1000 W
capability. Powers reported are the values read from the digital meter on the
supply. If all the power went into the plasma, power densities up to 0.1 W/cm3

would be achieved, within the range of values used in commercial etching and
deposition reactors. The fraction actually dissipated in the plasma is difficult
for us to measure or estimate, but it is very likely to be less than half.

3. RSULTS AND DISCUSSION

Figure 2 is a schematic showing the absorption bad positions of several
molecules epected to be importea in CF4 plasmas, in the region of C-F stretching
vibrations. Hatching indicates the presence in the literature of eerimentally
detemined line positions. Solid reions are where an experimental high
resolution specrum is available, providing the inforation on line intensities
and wea lines which facilit ates tion of the absorber. For stable gases
like CF4 and C2F6 , this infoation is of course available simply by filling the
cell ad repeating the diode sca. In unshaded regions, only predicted line
positions (of varying accuracy) are available.
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Most observations were made in the 1090-1120 cm- 1 spectral region, indicated by
the arrow in the figure. This v3 band region contains some of the strongest
vibrational/rotational lines of the CF 2 radical. At the upper end of this range
they are overlapped by strong sharp features of the C 2F6 molecule, while at the
lower end C 2F 6 features are not detectable. Thus, we were able to take spectra
from which we could deduce concentrations of both molecules, or spectra in which
we were confident that the CF 2 lines were free from interferences. Figure 3 shows
an example plasma absorption spectrum, matched up against a recent laboratory
spectrum taken using a high resolution spectrometer.23 Some measurements of CF4
dissociation were made in the weak band at around 1060 cm-I , while others were
made in the fundamental band in the 620-625 cm-1 region.

The strengths of the CF4 and C2F6 spectral features used were simply measured
directly using a cell of known path length and known pressures of these permanent
gases. The strength of the CF2 v3 band used here involves some uncertainty.
There have been two experimental measurements of CF2 infrared line strengths, both
in the neighboring v1 band centered at 1222 cm 1 which in the plasma would be
overlapped by a strong CF4 band with a center frequency of 1281 cm-1 . An
analysis24 of FTIR spectra of both the vj band and the stronger v3 band centered
around 1110 cm-1 has yielded a ratio of their strengths. Use of the vI strength
as well as the ratio reported in Ref. 26 results in a v3 band strength of
(2.6 ± 1.3) x 10-17 cm-1 (molecule/cm2 )- l used in the present analysis.
(Ab initio calculations have indicated higher values,24 with very recent
calculations25 being as high 6.3 x 10-17, raising the possibility that CF2
concentrations reported here are high by more than a factor of two.) Individual
line strengths were derived using the formulas given in Ref. 24, using line
assignments and lower state energy levels given by two asymmetric rotor codes2 7,28

and molecular constants from the FTIR study.23 Gas temperatures are obtained from
relative intensities of CF2 rotational lines, as described below.
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661/660 660/661 1112.908
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Laboratory CF 2 FTIR Spectrum
1112.75 1113.0 from Reference 27

Frequency, Wavenumbers

Figure 3. Example plasma reactor direct absorption spectrum (upper trace) with

laboratory reference spectrum (lower trace).

3.1 Product concentration variation with RF power

Figure 4 gives an example of the absolute concentration data obtained from

analysis of infrared absorption features. Although the qualitative behavior of

higher radical concentrations at higher powers is reasonable, the straight-line

growth of CF2 as the applied RF power is increased is simply due to a particular

balance of production and destruction rates. During the first few months of

operation we observed a negative curvature with increasing power, as well as

higher CF2 concentrations by up to an order of magnitude. We suspect that the

Teflon liner was initially a stronger source of fluorocarbon molecules. At higher

concentrations, second-order recombination reactions begin to dominate over

first-order production, and the increase in CF2 with power becomes less than

linear.

The behavior of the decomposition product C2F6 is seen to be in sharp contrast

to the CF2 trend, being essentially constant and probably slightly decreasing with

increasing power. As shown below, we observed that the fraction of CF4
dissociated increased with increasing power, so the fraction converted into C2F6
is clearly decreasing with increasing power. In this case, then, the balance

between production and destruction has different results, with C2F6 possibly more
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vulnerable to electron-impact fragmentation than is CF2. C2F6 appears to be an
intermediate which reaches a steady-state concentration which happens to have a
roughly constant value even as the CF4 concentration is decreasing and the
concentrations of other decomposition and recombination products are increasing.

3.2 Comnarison to model predictions

To date, published model predictions have compared to observations of Smolinsky
and Flamm,2 who used a small discharge tube and a very high power density. They
made mass spectrometric observations of several of the stable decomposition
products downstream of the discharge. A prediction of the most recent published
model, that of Plumb and Ryan, 2 1 is shown in Figure 5, along .-ith the data points
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of Figure 4 replotted against power density on a log-log scale (with the
assumption that half the RF power is deposited in the plasma). In addition to the
large difference in power density, two other differences make direct comparison
inappropriate. The prediction is for a higher pressure (0.5 Torr compared to oor
observation at 0.1 Torr - in our system, higher pressures give lower
concentrations, as discussed below) and is for pure CF4 rather than for a CF4/Ar
mix. As discussed above, with lower pressure and dilution inhibiting radical
recombination, there is every reason to expect the high power (and high
concentration) value to lie below the extrapolation of our low power curve, as it
does. Preliminary modeling appropriate to conditions in our system 30 produced
similar values to those observed for both CF2 and C2F6 concentrations, but
predicted much smaller CF4 dissociation fractions than the observed levels we will
present below. These predictions are very sensitive to assumptions about the role
of the walls in determining concentrations, assumptions which are difficult to
make with a high degree of confidence. At present, strong conclusions cannot be
drawn from either the factcr of two agreement in product concentrations or the
order of magnitude disagreement in decomposition fraction.

3.3 Observations of CF2 concentration with oxvten fraction

Molecular oxygen is a standard additive to CF4 etching plasmas, being known to
substantially increase the etch rate.31 Oxygen atoms are known to react readily
with CF2 to form COF which eventually forms the stable species COF 2 and C02 .

32

Comparing the predictions of Ryan and Plumb for a pure CF2 plasma (at 0.5 Torr) of
a CF steady state number density of around 4 x 1014 cm-3 to those of Plumb and
Ryan33 for a 75% CF4/25% 02 plasma in which the CFZ number density has dropped to
2 x 1013 cm-3 after about a 50 msec residence time and is continuing to drop, we
expect oxygen addition to have a substantial effect.

The effect observed in Figure 6 is somewhat less dramatic, involving a drop of
about a factor of six at the 20% oxygen level. In this set of observations the
flows of CF4 and Ar were fixed, with a CF4/(CF 4 + Ar) ratio of 0.4, while the 02
fraction of the total flow was increased. The emission data 34 given in the right
side of Figure 6 show a slightly larger fractional drop. Once again, this
experiment was done in a small alumina tube with a high power density (as high as
4 W/cm -3) with a pressure of 1 Torr.

3.4 Product concentration variations with total pressure

Figure 7 shows absolute CF2 and C2F6 number densities as a function of total
pressure, for a constant mixing ratio. Features of the CF2 curve include a sharp
increase with decreasing pressure below 0.15 Torr, and an essentially constant
behavior at higher pressures. The C2F6 concentration mirrors this behavior to a
lesser extent, but may show a peak at 0.2 Torr and may also be increasing as the
pressure increases to 1.0 Torr.

This behavior could be explained in terms of bulk gas-phase chemistry. One
could argue that higher pressures favor gas-phase recombination reactions,
shifting the steady state away from CF2 and towards larger molecules. Of course,
at even lower pressures the CF2 concentration would eventually decrease with
decreasing pressure. However, the surface source in our system might not decrease
linearly with pressure, if higher ion energies produced more desorption per ion as
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Figure 6. Long path plasma reactor measurements of CF2 concentration with oxygen
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the total (and ion) densities decreased. Still, we expect a peak in CF2
concertration at sums total pressure below 0.05 Torr. The possibilities that C2F6
peaks above this, and that it increases as the pressure goes past 1 Torr, are both
consistent with it being a product of radical recombination and reaction whose
rates are faster at higher total pressures.

However, these bulk gas considerations may not be the major mechanism behind the
observed variations with pressure. Our visual observations looking down the axis
of the tube are of increasing spatial nonuniformity with higher Fressure, with the
glow (and presumably the source of radicals) moving towards the electrodes. This
observation is similar to those of a recently published laser induced fluorescence
study of CF2 profiles in a parallel-plate reactor.1 8 These results were
interpreted in terms of a chemical diffusion length for CF2 reaction, primarily
with fluorine atoms. We expect that the source region is moving away from the
laser spot pattern as the total pressure is raised, and that the chemical
diffusion length is, if anything, decreasing as well, and that both effects may be
contributing to the decrease in CF2 column density observed.

On the other hand, C2F6 is a stable molecule, and if, at higher pressures, there
is indeed a widening volume in the center of the tube with low electron, ion, and
radical concentrations, C2F6 should have no trouble filling the tube uniformly at
pressures of 1 Torr and below. Therefore, the lower C2F6 concentrations observed
at higher pressures in Figure 7 should still reflect a change in the gas phase
chemistry averaged over the reactor volume.

3.5 Temverature measurements of CF4 Dlasmas

We have already noted above that the observed CF2 concentrations are a small
fraction of the input CF4 . The temperature enters into the determination of these
concentrations, both in converting the observed pressure into a density, and a
accounting for the changing strengths in vibration-rotation lines. Neither of
these corrections are large compared to other uncertainties, such as that in the
band strength. The question of what fraction of the CF4 actually dissociated goes
into CF2, as addressed by a CF4 absorption experiment, depends more critically on

knowledge of the temperature of the gas when the discharge is on. Without this
knowledge a change in the total gas density or in the rotational population of the

absorbing CF4 level would be mistaken for a change in the CF4 partial pressure.

Rotational degrees of freedom are expected to be in equilibrium with translation

in these plasmas, so a search was undertaken for CF2 lines with sufficiently
differing lower state energies that a rotational temperature could be measured.
The intensity of individual rotational lines is governed by their line strength

and a temperature dependent Boltzmann factor. If the observed peak optical depth
is divided by the line strength S (in arbitrary units), then the slope of the

plotted quantity in Figure 8 against lower state energy, ln(od/S), is -I/RT. As
can be seen from the scatter in the low energy points, a temperature determination
would not be possible without the two small lines with lower state energies of
1715.8 and 1692.3 cm- 1, which appear at 1091.65 and 1091.835 cm"I , respectively.
The temperature given in the example, 425 K, is close to the 500 K reported in
Ref. 34 at 1 Torr and a much higher power density, as determined by optical
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Figure 8. Example of rotational temperature determination.

emission from CO and N2 . Remarkably, observations like those in Figure 8 made at
powers from 100 to 1000 W yielded no significant variation in the derived
temperature. On the other hand, measurements at a total pressure of 0.10 Torr
yielded a somewhat =Ligher temperature, 465 K with a standard deviation of about
50 K.

We observed essential independence of bulk plasma temperature with applied power
in our earlier chlorine atom work,l and ascribed it to the generation of larger
concentrations of electronically and vibrationally excited molecules at higher
powers. These excited species are much better conductors of heat to the walls
than molecules with only rotational and translational energy, and as their
concentration increases the heat flux to the apparatus increases roughly
proportionally to the input power while the temperature can remain almost constant.
It is certainly plausible that the same thing is going on in these CF4 plasmas.

One other point of comparison is the laser induced fluorescence experiment of
Hancock and co-workers, in which LIF of the CF molecule yielded a rotational
temperature. 15 They were observing a commercial parallel plate plasma etching
reactor with a volume of about 1200 cm3, with applied 13.56 Hz power in the range
of 50 to 200 W, giving power densities at the upper end of our range. Their
pressure of 0.05 Torr is somewhat below our lowest value, while their residence
time of about 0.1 s is two orders of magnitude shorter than ours at the same



pressure. Whether these differences affect the heat transfer and temperature is
not easy to guess, but their observations do differ from ours, being lower and
showing wore dependence on applied power (ranging from 324 ± 15 K at 50 W to
443 ± 30 K at 200 W).

On the other hand, both our observations and the other data for CF4 discharges
agree on the qualitative point that discharge temperatures are fairly low, in the
300 to 500 K range, and therefore affect the density by less than a factor of two,
while our chlorine plasma measurements1 yielded temperatures as high as 800 K (not
surprising in light of the lower thermal conductivity of chlorine).

3.6 Observations of CF, dissociation fraction

With the ability to approximately correct for temperature changes in analyzing
CF4 absorption observations, we can be confident that a large change in CF4
absorption will in fact be due in part to CF4 dissociation. One other correction
should be noted, one due to the fact that the CF4 is introduced slightly upstream
of the discharge region. In the analysis leading to the data presented here, we
assumed that if all CF4 were immediately dissociated in the discharge, a peak
absorption of 0.08 of the discharge-off value would still be observed.

Figure 9 shows the results of CF4 dissociation measurements as a function of RF
power. It can be seen that except for low powers, the fraction dissociated is
always quite large. This particular set of measurements was made in a spectral
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region near 1062.5 cm- 1. The diode laser scan of an N20 reference gas spectrum
was not extensive enough to allow an exact identification of the lines, so the
spectral location is known only from the monochromator setting, which has a
typical error of less than 2 cm" 1. This spectral position is near the center of
the v2 + v4 combination band of CF4 . Therefore, we expect the lines involved to
be associated with low rotational quantum numbers (J), meaning their line
strengths decrease when the plasma temperature goes up. An analysis assuming that
J = 15 was used to produce Figure 9. Assuming J = 0, which results in the
smallest dissociation fraction, does not significantly lower the high power points.
A similar correction would result if the widths of the absorption lines increased
as RF power was applied, but no systematic change was observed. Similar
dissociation fractions were observed using high J lines in the CF4 v4 fundamental
band near 605 cm- 1.

4. CONCLSI

Infrared tunable diode laser absorption spectroscopy is a very useful diagnostic
of RF plasmas, capable of detection of a wide variety of the radicals and stable
molecules found in CF4 plasma systems. Although our long path system resulted in
strong absorption levels, allowing us to use direct detection using a slow laser
scan rate and a simple detection system, standard techniques for high sensitivity
detection would allow measurement of all the species measured to be made over the
10 cm paths typical of plasma processing equipment.

With the exception of CF2 LIF observations of Ref. 16, these are the first
reported absolute concentration measurements of any of these species in any RF
plasma system. We plan additional studies to gain a clearer picture of conditions
in our apparatus. Our observations to date suggest that the reactor wall plays a
large role in determining molecular concentrations in CF4 plasmas. There is a
strong possibility that both polymer deposition from the CF4 feed gas and
fluorocarbons emitted by the Teflon liner are contributors. The wall source
decreased with continued operation, as monitored by CF2 production in a pure argon
plasma. The concentrations reported here were obtained when a pure argon plasma
initially produced no observable CF2 or C2F6 . A second, more tentative
conclusion, based on the observation that absolute concentrations of cr2 and C2 F6
are much smaller than the fraction of CF4 dissociated, is that gas phase
decomposition and recombination chemistry carries CF4 fragments into a wide
variety of fluorocarbon chemical species.
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RADICAL AND MOLECULAR PRODUCT CONCENTRATION MEASUREMENTS IN CH4
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ABSTRACT

Infrared tunable diode laser absorption studies of radicals and stable
molecules formed in radio frequency plasmas are being carried out in a
laboratory reactor which allows a long absorption path. In this paper we
describe studies of CH4 RF plasmas. We report absolute concentration mea-
surements as functions of total pressure and RF power for CH3 and C2H2 in
CH4 plasmas, as well as measurements of the CH4 rotational temperature and
dissociation fraction.

INTRODUCTION

Tunable diode laser infrared absorption spectroscopy has been shown to
be useful in the study of process plasmas including chlorine etching
plasmas1 - 3 and silane deposition plasmas. 4-7 Diode lasers have also been
used to study hydrocarbon species in organometallic chemical vapor
deposition8 and hot-filament diamond deposition.9 However, there have been
no applications to the hydrocarbon plasmas used to deposit diamond and hard
carbon films. 10 - 13 Electronic emission can be used to provide several
kinds of information on electronically excited species, including their
spatial distributions and rotational and vibrational temperatures. 14 1 6

Recently, mass spectrometric sampling has been used to measure concen-
trations of two important radical species. 1 7- 1 8 However, infrared
absorption is both quantitative and nonintrusive, and as such has
advantages over emission and sampling techniques for the study of realistic
reactor systems. Chemical kinetics modeling studies of CH4 19-2 1 plasmas
have identified several important molecular species. Measurements of
absolute concentrations of these molecules are important in evaluating the
chemical kinetic and electron collision mechanisms involved in these
predictions. Here we present our first observations on a laboratory plasma
rr-ctor which allows a long absorption path.

EXPERIMENTAL

Figure I is a schematic drawing of the long path plasma apparatus. The
active volume is contained inside a 1 m long Teflon inner liner with a 15
cm inner diameter. The electrodes which surround it are copper half-tubes,
with water cooling provided by one line of copper tubing set into the
electrode surface in a loop near the outer edge. They are separated from
the stainless steel vacuum wall by an outer quartz dielectric tube.

The feed gas, together with any carrier or additive gases, enters the
tube through a ring injector just before the upstream end of the electrodes.
Argon purge gas is introduced behind each mirror, and small flows are also
put into each of the cross ports which are used for visual observation and
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Figure 1. Cross sectional view of long path absorption plasma apparatus.

emission spectroscopy. With a 30 cfm mechanical pump and 7 cm diameter
pumping line, pressures in the 0.1 to 1.0 Torr range are achieved with
total flows in the 15 to 400 sccm range. These translate into gas
velocities of from 6 to 150 cm/s, or residence times in the active region
of from 17 to 0.7 seconds. We conclude from studies in which the residence

time was varied while the pressure remained constant that the plasmas
studied have reached a steady state, with their .omposition not strongly
affected by residence time.

The mirrors used for multi-pass infrared absorption have 15 cm

diameters and are separated by approximately 2 meters. They form an

off-axis resonator,2 2 in which the laser beam enters and exir through the
same central hole in the downstream mirror, and forms a spot pattern n

both mirrors which can be circular or which can be flattened into an
ellipse (as we now useit) woe major axis is still almost he full 15 cm
but with a minor axis of a little over 1 cm. For Cc4 studies, mirrors with
unominal 224 cm radius of curvature were used with a spacing resulting in

I 48 passes.

The 13.56 Hz RF power is taken from an Re Plasma Products supply with
1000 W capability. Powers reported are the values read from the digital
meter on the supply. If all the power went into the plasma, power
densities up to 0.1W/cm3 would be achieved, within the range of values

used in commercial etching and deposition reactors. The fraction actually
dissipated in the plasma is difficult for us to measure or estimate, but it
is very likely to be less than half.

RESULTS AND DISCUSSION

Molecular species observed to date in CH4 plasmas include the methyl
radical, CH3, and acetylene, c 2H2. C2H2 was observed in the 745 cm1 and
1275 cm 1 regions, while CH3 was observed on the Q6(6) and Q8(8) tran-
sitions at 607.02 and 608.30 cm.. Relevant C2 [2 line strengths are easily
obtained from in situ measurements using known amounts of calibration
acetylene, while the CH3 band strength is taken from Ref. 23.

Plasma temperatures were obtained using the ratio of CH4 line
intensities. The lines used were set of lines with high rotationalenergies (high J) at 1273.7822, 1273.7843 and 1273.7859 cm 1 , and a low-J
13C line at 1274.0176 cm 1. As an example of the variation of plasma

temperature with applied power we quote observations for a total pressure



of 0.12 Torr and a CH4 fraction in the tube of 0.63 of the total of CH4 and
Ar purge gas. The plasma temperature rises to about 325 K with only 50 W
applied power, and continues to rise in a roughly linear fashion to arrive
at about 400 K in the region of 1000 W of applied power.

Figure 2 shows an example of CH3 number density variation with RF
power. The methyl radical concentration is more than four orders of
magnitude smaller than the CH4 concentration. In addition, its concen-
tration rapidly plateLus at a limiting steady state value. Both obser-
vations are consistent with concentrations determined by recombination
chemistry, and indeed the CH3 radical is known to be highly self-reactive.
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Figure 2. CH3 number density measured using the Q6(6) line, as a function
of RF power, with reactor total presusre of 0.15 Torr and mixing
fraction, [CH 4 ]/[CH 4 + Arl, of 0.75.

Figure 3 shows the CH3 radical concentration variation with total
pressure. The absolute number density decreases as the total pressure (and
the CH4 number density) increases. We can speculate that due to the high
reactivity of CH3 , any region where the balance between production and
destruction changes to produce a substantial increase in number density
must occur at lower pressures than those studied. Figure 4 shows C2 H2
number densities over the same total pressure range. Although C2H2 is
present in much larger concentrations than the radicals we have studied, it
still is under 10 percent of the input methane.

Figure 5 shows a set of measurements of the CH4 dissociation fraction,
measured using the same 13 C line used in the temperature measurement
described above. The observed peak optical depths must be corrected to
values which are representative of the CH4 concentration in the active
plasma region by subtracting out the optical depth appropriate to a small
region between the ring injector and the electrodes, where it is assumed
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that no dissociation occurs. This region is estimated to be about 5 cm

long, compared to an effective single pass absorption length (calculated

from the tabulated line strength, the observed line width and discbharge-off
optical depth, and an average CH 4 concentration in the tube) of about

125 cm.

The fraction of CH4 which remains is related to the ratio of these
corrected optical depths. However, before it is subtracted from one to

yield a dissociation fraction, this ratio is corrected by multiplying it by
the ratio of discharge-on and discharge-off temperatures to correct for the

change in density, and by the ratio of Boltzmann factors (discharge-off to

discharge-on) to correct for the change in line strength as the gas is

heated (if a change in line width had been observed, a correction for this

would also have been included). In this 'way, the observed column densities

are converted into a fraction of the total CH4 which is dissociated, which

represents an average over the line of sight down the tube. It can be seen

that except at very low Dowers the majority of the CH4 has been

dissociated, and that the dissociation fraction approaches 0.9 at high

powers.

CONCLUSIONS

Infrared tunable diode laser absorption spectroscopy is a very useful
diagnostic of RF plasmas, capable of detection of a wide variety of the
radicals and stable molecules found in the CH 4 system. Although our long

path system resulted in strong absorption levels, allowing us to use



direct detection using a slow laser scan rate and a simple detection
system, standard techniques for high sensitivity detection would allow mea-
surements of all the species measured to be made over the 10 cm paths
typical of plasma processing equipment. A high degree of CH4 dissociation
is observed, with only a small fraction going into the steady-state concen-
tration of the reactive CH3 radical. While C2H2 is clearly a major
decomposition product, there may well be ocher important species as well.
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J. Wormhoudt
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ABSTRACT

Infrared tunable diode laser absorption studies of radicals and
stable molecules formed in radio frequency plasmas are being carried
out in a laboratory reactor which allows a long absorption path. In
this paper we report measurements of the CH4 rotational temperature
and dissociation fraction in methane plasmas, as well as absolute
concentration measurements of C2H4 in both methane plasmas and plasmas
including organoarsine compounds.

INTRODUCTION

Tunable diode laser infrared absorption spectroscopy has been
shown to be useful in the study of mechanisms in process plasmas in-
cluding chlorine etching plasmas(l-3) and silane deposition plasmas
(4-8). Diode lasers have also been used to study hydrocarbon species
in hot-filament diamond deposition (9) and organometallic chemical
vapor deposition (10,11). In this latter work, however, no decompo-
sition products of trimethylarsenic were observed, although CH3 radi-
cals formed from other organometallic compounds were seen.

In the present work, a long path plasma reactor has been used to
generate easily detectable amounts of a wide variety of radical
species. Recent work has focused on absolute species concentration
and temperature measurements in methane plasmas. These systems have
their own intrinsic interest, due to their applications in diamond and
hard carbon deposition as well as gallium arsenide etching. In
addition, they contain the hydrocarbon species also important in MOCVD.
We have also begun measurements of hydrocarbon species formed from the
decomposition of organoarsine compounds, and we also plan observations
ot arsenic hydride species, which may play a key role in suppressing
carbon incorporation in hUCVD (12-16).

EXPERIMENTAL

Figure 1 is a schematic drawing of the long path plasma apparatus.
The active volume is contained inside a 1 m long Teflon inner liner
with a 15 cm inner diameter. The electrodes which surround it are



copper half-tubes, with water cooling provided by one line of copper
tubing set into the electrode surface in a loop near the outer edge.
They are separated from the stainless steel vacuum wall by an outer
quartz dielectric tube.

The feed gas, together with any carrier or additive gases, enters
the tube through a ring injector just before the upstream end of the
electrodes. Argon purge gas is introduced behind each mirror, and
small flows are also put into each of the cross ports which are used
for visual observation and emission spectroscopy. With a 30 cfm
mechanical pump and 7 cm diameter pumping line, pressures in the 0.1
to 1.0 Torr range are achieved with total flows in the 15 to 400 sccm
range. These translate into gas velocities of from 6 to 150 cm/s, or
residence times in the active region of from 17 to 0.7 seconds. We
conclude from studies in which the residence time was varied while the
pressure remained constant that the plasmas studied have reached a
steady state, with their composition not strongly affected by resi-
dence time.

The mirrors used for multi-pass infrared absorption have 15 cm
diameters and are separated by approximately 2 meters. They form an
off-axis resonator (17), in which the laser beam enters and exits
through the same central hole in the downstream mirror, and forms a
spot pattern on both mirrors which can be circular or which can be
flattened into an ellipse (as we now use it) whose major axis is still
almost the full 15 cm but with a minor axis of a little over 1 cm.
For these studies, mirrors with a nominal 224 cm radius of curvature
were used with a spacing resulting in 48 passes.

The 13.56 MHz RF power is taken from an RF Plasma Products supply
with 1000 W capability. Powers reported are the values read from the
digital meter on the supply. If all the power went into the plasma,
power densities up to 0.1 W/cm3 would be achieved, within the range of
values used in commercial etching and deposition reactors. The
fraction actually dissipated in the plasma is difficult for us to mea-
sure or estimate, but it is very likely to be less than half.

RESULTS AND DISCUSSION

C2H2 -and C 3 Observations-Molecular species obs~rvations in CH4
plasmas already reported (18,19) include those of the methyl radical,
CH3 , and acetylene, C2H2. C2H2 was observed in the 745 cm-1 and
1275 cm-1 regions, while CH3 was observed on the Q6 (6) and Q8(8) tran-
sitions at 607.02 and 608.30 cm"1 . Relevant C2H2 line strengths are
easily obtained from in situ measurements using known amounts of cali-
bration acetylene, while the CH3 band strength was taken from Ref. 20.

C2112 was seen to be a major deu"position product, while the more
reu~tive CH3 radical was present in much smaller concentrations. For



example, at 500 W RF power, C2H2 mole fractions of input CH4 varied
from 0.06 at a total pressure of 0.2 Torr to 0.02 at '.0 Torr (CH4 and
carrier gas each making up about half the flow). Under the same con-
ditions, CH3 mole fractions of CH4 varied from 8 x 10

- 5 to 4 x 10-6.

These observations raised at least two questions which can now be
given tentative answers based on additional results presented here.
First, does C2H2 account for the majority of dissociated CH4 which
would imply a low (order of 0.12) fractional dissociation, or are
these more dissociation product species not yet detected?

The second question concerns the drop in fractions of both C2H2
and CH3 with increasing pressure. It is observed that at low
pressures the glow discharge fills the flow tube, while at higher
pressures (approaching 1 Torr) the center of the tube is darker and
the glow is concentrated near the electrodes. Does this smaller
volume of glow (in which most of the electron impact dissociation
occurs) result in lower average dissociation of CH4 at higher
pressures, and is this in turn the reason for lower fractions of
dissociation products? Or, does the plasma chemistry change with
total pressure, changing the distribution of products?

C04 Dissociation and Temperature Observations-Both of these
questions call for a measurement of the CH4 dissociation fraction.
However, this in turn requires an accurate knowledge of the plasma
temperature, since an observed decrease in adsorption line intensity
can be due to dissociation or simply to a change in density due to gas
heating, or a combination of both effects. We were fortunate to find
a region of the CH4 absorption spectrum (shown in Figure 2) which
provided both concentration and temperature information in a single
diode scan. The strong line on the right hand side is seen to have a
low energy ground state and to decrease in intensity both due to
dissociation and heating, while the intensities of the lines on the
left remain almost unchanged as dissociation is almost counterbalanced
by increases in relative intensity due to gas heating.

Plasma temperatures were obtained using the ratio of CH4 line
intensities. The lines used were the set of lines with high ro-
tational energies (high J) at 1273.7822, 1273.7843 and 1273.7859 cm"1 ,

and the low-J 13C line at 1274.0176 cm- I . As an example of the vari-
ation of plasma temperature with applied power we show in Figure 3
observations for a total pressure of 0.12 Torr and a CH4 fraction in
the tube of 0.63 of the total of CH4 and Ar purge gas. The plasma
temperature rises to about 325 K with only 50 W applied power, and
continues to rise in a roughly linear fashion to arrive at about 400 K
in the region of 1000 W of applied power.

Figure 4 shows a set of measurements of the CH4 dissociation
fraction, measured using the same 13C line used in the temperature
measurement described above. The observed peak optical depths must be



corrected to values which are representative of the CH4 concentration
in the active plasma region by subtracting out the optical depth
appropriate to a small region between the ring injector and the
electrodes, where it is assumed that no dissociation occurs. This
region is estimated to be about 5 cm long, compared to an effective
single pass absorption length (calculated from the tabulated line
strength, the observed line width and discharge-off optical depth, and
an average CH4 concentration in the tube) of about 125 cm.

The fraction of M'14 which remains is related to the ratio of
these corrected optical depths. However, before it is subtracted from
one to yield a dissociation fraction, this ratio is corrected by
multiplying it by the ratio of discharge-on and discharge-off tempera-
tures to correct for the change in density, and by the ratio of
Boltzmann factors (discharge-off to discharge-on) to correct for the
change in line strength as the gas is heated (if a change in line
width had been observed, a correction for this would also have been
included). In this way, the observed column densities are converted
into a fraction of the total CH4 which is dissociated, which
represents an average over the line of sight down the tube. It can be
seen that except at very low powers the majority of the CH4 has been
dissociated, and that the dissociation fraction approaches 0.9 at high
powers.

We can also see in Figure 2 that additional absorption lines
appear when the discharge is on. These turn out to be C2H2 lines. We
found no information on this band in the spectroscopic literature, but
simply identified it, and quantified the line strengths at room
temperature, by taking spectra of a static sample of C2H2 in the flow
tube. The fact that we do not know lower state energies and hence
temperature dependences for these lines introduces an uncertainty into
absolute concentration measurements made using them. However, since
the temperature rise in the plasma is small, we expect the error to be
small, most likely much less than a factor of two. In fact, the C2H2
concentrations shown in Figure 5, obtained assuming no significant
change in line strength, agree with previously published (19) obser-
vations using known lines, when those observations are corrected from
an assumed temperature to the observed temperatures reported here.

AsJ x Species in Organoarsine DecomDosition-From its inception in
1986, our research program has had as its ultimate goal the develop-
ment and demonstration of laser diagnostics to support deposition
mechanism studies for compound semiconductors, with gallium arsenide
chosen as being representative and having the largest base of phenome-
nological observations and modeling studies with which our investiga-
tions could connect. We chose as a particular focus a hypothesis
connecting suppression of carbon incorporation into the growing film
with the action of AsHx radicals in carrying reactive hydrogen to the
surface. Considering that the MOCVD of GaAs from arsine and trimethyl
gallium, most of the gallium is thought to arrive at the surface with
at least one CH3 group still attached, it is in one sense remarkable
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and improvement of our detection sensitivity using computer averaging
of laser scans.

-2H4  in THAs and CH, DecomRosition-On the other hand, our
observations in the 1076-1078 cm- region did show a set of absorption
lines whose appearance was associated with the plasma decomposition of
THAs. We soon determined that the same lines appeared upon
decomposition of CH4 , and that they were due to C2H4 . Estimates of
C2H4 concentrations based on room temperature line strengths (again,
no line identifications were available) gave the result that in both
CH4 and THAs systems the conversion to C2H4 was substantial, with
perhaps on the order of half the input carbon being converted.

With this observation and the CH4 dissociation study reported
above, we can return to the questions we posed at the beginning of
this discussion. We now know that the fractional dissociation of CH4
is high, and its conversion fraction into C2H4 is large. We have not
made a systematic study of CH4 dissociation fraction as a function of
total pressure. However, our more extensive observations of CF4
precisely overlay each other. At higher pressures, our observations
(25) are that the CF4 dissociation decreases somewhat, but only by 10
or 20 per cent from 0.1 to 1.0 Torr. If this is true for CH4 as well,
this is clearly not the reason for a drop in CH3 fraction by a factor
of 20. We conclude that a major reason for the drop in fractions of
particular dissociation products is that higher pressures facilitate
chemical reactions which shift the molecular species distributions to
larger and less reactive molecules.

CONCLUSIONS

Infrared tunable diode laser absorption spectroscopy is a very
useful diagnostic of RF plasmas, capable of detection of a wide
variety of the radicals and stable molecules found in the CH4 system.
Although our long path system resulted in strong absorption levels,
allowing us to use simple direct detection using a slow laser scan
rate and a simple detection system, standard techniques for high
sensitivity detection would allow measurements of all the species mea-
sured to be made over the 10 cm paths typical of plasma processing
equipment. A high degree of CH4 dissociation is observed, with only a
small fraction going into the steady-state concentration of the
reactive CH3  radical. While CZH4  and C2H2 are clearly major
decomposition products, there may well be other important species as
well.



that only a tiny fraction of the incoming carbon is in fact in-
corporated. Even a tiny fraction, however, has tremendous effects on
the electrical properties of the film.

An understanding of carbon incorporation mechanisms has become
even more important as the industry has moved away from arsine as the
arsenic source to organoarsine compounds which are safer but which
themselves carry carbon to the growth surface. It is observed that
compounds such as trimethylarsenic (THAs) which have no As-H bonds
give rise to very high levels of carbon incorporation, while compounds
which could directly dissociate to AsH or AsH 2 radicals give much
lower carbon. The above hypothesis is now regularly invoked in
explaining these observatiors (i2-16).

Clearly, measurements of absolute AsH, AsH 2 , and AsH 3 concen-
trations in organoarsine decimposition systems would add much tc our
understanding. AsH 2 has never been observed by direct infrared ab-
sorption, although one infrared band position is known through analy-
sis of its electronic spectra. The AsH radical has received one pre-
liminary study using tunable diode lasers (21). It will be the first
AsH x radical we attempt to observe. However, the observation we
report here is a search of a region of containing known AsH 3 lines, in
a plasma containing THAs.

Determination of AsH 3 concentrations is a useful preliminary to
looking for AsH, since the AsH band overlaps an AsH 3 band. In
addition, recent investigations into afterglow decomposition of
organometallics including THAs in a deposition chamber (22,23) a'd
into microwave plasma generation of AsH 3 from THAs (24) have reported
AsH 3 as a decomposition product. We noted that, using present thermo-
dynamic data for arsenic containing species, the only energetically
favored gas phase reactions which can lead to AsH 3 are those which add
hydrogen atoms to AsH. radicals, and that these three-body re-
combination reactions will be extremely slow at the reduced pressures
of plasma discharges. Therefore, our observations of decomposition of
a 2/1 mixture of Ar and TMAs at a total pressure of 0.44 Torr and an
input RF power of 400 W were made under conditions in which AsH 3
observation would have been surprising.

In the event, we observed no AsH3, down to a sensitivity level
conservatively estimated to be 1011 cm-3 . In other words, the
fraction of TMAs converted into AsH 3 under these conditions is much
less than 10-4 . This is not necessarily in conflict with observations
of AsH 3 formation in other plasma sources (22-24), since plasma
sputtering of hyrogenated arsenic films in those systems could give
rise to AsHx species which are unable to form in gas phase reactions.
We intend further observations, including tertiarybutylarsine as the
arsenic-containing species (one which is capable of direct
dissociation into AsH 2), as well as use of hydrogen as a carrier gas,
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